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Reaction of Alkynes with Rhy(CO)12. A Mid-Infrared Vibrational
and Kinetic Study of (u4-np2-alkyne)Rh,(CO)g(u-CO);
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The pure component mid-infrared spectra of the butterfly clusterg¥alkyne)Rh(CO)g(u-CO,,
alkyne = 3-hexyne, 1l-heptyne, 1-octyne, 4-octyne, 1-phenyl-1-hexyne, and 1-phenyl-1-butyne, were
obtained from multicomponent solutions using band-target entropy minimization (BTEM). DFT was used
to carry out full geometric optimization and mid-infrared vibrational predictionuaf?-2-butyne)Rb-
(CO)(u-CO), and {us-17%-propyne)RHCO)(u-CO), as simple models for the terminal and symmetric
alkyne clusters, respectively. The predicted spectra were in good agreement with the experimentally
obtained deconvoluted pure component spectra of this class of complexes. The kinetics for the formation
of the butterfly clusters-172-3-hexyne)Ri(CO)(u-CO), from the reaction of RI{CO), with 3-hexyne
in n-hexane, i.e., RICO), + 3-hexyne — (us1?-3-hexyne)RE(CO)(u-CO), + 2CO, was also
investigated. The rate of formation of the butterfly cluster was found to follow the rate expression, rate
= kopdRN4(CO)17][3-hexyne}[CO] %, with the apparent activation parametais® = 123.6+ 11.0 kJ/
molK and ASf = (7 & 4) x 10 IJmol~*-K~1. A mechanism is proposed consistent with the observed
kinetic rate expression. This involves a dissociation of one of the carbonyl ligands frgl@®y. prior
to the alkyne coordination.

reaction has been shown to occur as both a stoichiometric metal-
mediated and catalytic reacti@nBoth intramolecular and

The reaction of alkynes with organometallic clusters has been. . .
i ; Ky 9 -~ intermolecular PauserKhand reactions are used as the main
a subject of considerable experimental as well as theoretical

; . . S X routes to generate high-value-added and biologically active
interest due to the wide variety of coordination modes poskiBle. . :

e . substituted cyclopentenones. Substituted cyclopentenones are
Thus the coordination of alkynes to organometallic clusters of

various nuclearities has attracted considerable attention. InOf considerable interest to the pharmaceutical industry, as they

particular, the decrease in bond order of the coordinated alkynes,Often dolsplay high potency as antitumor and antibacterial
and hence lengthening of the carbararbon bond, due to the ag_?rr:tsl. hodi bonvl cl OM(u-COV fi
back-bonding from multiple metal centers has been an issue of § r 3 '#m c?r .Oné/ bC lgg%gﬁ )9(1{:- b)& ”;t pre-
keen interest. Such studies have also provided an excellent?aréd and cnaracterized by -~ Nas often been the group

model for the understanding of the adsorption/coordination of.9 cluster of choice for mechanistic and synthetic studies

alkynes to metal surfac@s? involving tetranuclear clustef$-7 Recent reports indicate that

Introduction

In addition to the interest in alkynes and metal clusters due
to their coordination chemistry alone, the synthetic utility of
stoichiometric metal-mediated and catalytic reactions involving
alkynes has been the focus of numerous other studies. Fo
example, in the absence of other reactants, alkyne trimerization
has been observed using a wide variety of metals such as CpCo
(CO).5 Alkynes are also known to react with a second reagent,
i.e., alkenes, to give conjugated diefes.

Perhaps most notably, alkynes react with both alkenes and
CO to give substituted cyclopentenones. The Paustrand’ 8
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Rhy(CO)1,t® and other rhodium-based organometalficsan
mediate the PauserKhand reaction, even catalytically. How-
ever, understanding of the coordination chemistry of(RD)

with alkynes is minimal. Diphenylacetylene was reported to react
with Rhy(CO)12, and the new species was tentatively assigned

to be {u4-17?-CeHsC=CCsHs)Rhy(CO)g(-CO)?° based on its

mid-infrared spectral similarity to the butterfly cluster{;?-
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CH=CH)Cq(CO)(u-CO).?* Stanghelliri? later carried out a
detailed study ofyf4-172-CH=CH)Caq;(CO)(u-CO), where both
the mid-infrared assignment and the X-ray structure were
reported. Shortly thereafter, Horvatmeported the X-ray single-
crystal structure of the mixed metal butterfly clustes-§2-
RGR)CoRM(CO)(u-CO),, alkyne= CgFs, Ph. In addition,
the X-ray single-crystal structud®of (u4-7%-PhGPh)CgRh-
(CO)(u-CO), and recently the structure ofi{dmad}CoRh-
(CO)y, dmad= (CH3;0)COCCCO(OCH), were reported®

In the present contribution, understanding of the reactivity
and coordination chemistry of alkynes with RBO) is

considerably extended. The pure component mid-infrared spectra

of various butterfly clusters formed by reacting4RDO);» with
symmetric, terminal, asymmetric alkynes were obtained. DFT
calculations were performed op4£r?-2-butyne)Ra(CO)g(u-
CO), and {u4-n?-propyne)RB(CO)(u-CO), as simple models
for the symmetric and terminal alkyne clusters. The DFT-
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Figure 1. DFT-predicted spectrum ofi-17?-2-butyne)RB(CO)s-

optimized geometries yielded predicted infrared spectra that (4-CO), using (a) GaussView03 and (b) Molden43 and the (c) high-
were very consistent with the experimentally observed spectra.resolution experimental spectrum gf{2-3-hexyne)RCO)g(u-

The DFT-optimized geometries for the butterfly clusters are
reported. The kinetics of the reaction of RBO), with
3-hexyne inn-hexane solutions was also investigated in detail
using in-situ infrared spectroscopy.

Results and Discussion

High-Resolution Vibrational Study of (z4-52-3-hexyne)-
Rh4(CO)g(u-CO),. The reaction of 40 mg of RKCO) 2 with
0.95 equiv of 3-hexyne under atmospheric argon, in 100 mL of

CO).

overlap of two vibrational modes in the experimental spectrum
at 2027 and 2036 cm is clearly predicted by DFT at 1998
and 2006 cm™.

Table 1 indicates that the current density functional method
overestimated the wavenumber of the bridging carbonylgsn (
n?-symmetric alkyne)RI{CO)(u-CO), by ca. 0.3% while
underestimating the wavenumber of the terminal metal carbonyl
by ca. 1.3%. The DFT and experimental wavenumbersugr (

n-hexane as a solvent, was monitored via in-situ FTIR spec- ;2.symmetric alkyne)RCO)(u-CO), are compared to the

troscopy using 1 cmt resolution. The collected reaction spectra
were deconvoluted using band target entropy minimization

complex fus-n?>-PhGPh)Rh(CO)s(u-CO), reported by Iwashita
and Tamur#f and the complexu-172-HC,H)Cos(CO)g(1-CO)

(BTEM).262"Besides the pure component spectra of the starting reported by Stangellirf?

materials, RE(CO)y(u-CO); and 3-hexyne, a new mid-infrared

The optimized structure ofig-1?-2-butyne) RBCO)(u-CO),

spectrum was obtained, Figure 1c. The band positions andis shown in Figure 2. The rhodium skeleton appears as a

intensity are strikingly similar to the infrared spectrum of the
species reported to ba£172-PhGPh)Rh(CO)(u-CO)%?° and
species fg4-n*-HC,H)Coy(CO)g(u-CO),, which was confirmed
by X-ray??

Density functional theory (DFT) was used to carry out full
geometric optimization and mid-infrared vibrational prediction
of the slightly simpler speciesu{-7?-2-butyne) Ra(CO)g(u-
CO), (see Experimental Section for further details). Figure 1

butterfly with Rh(3) and Rh(4) occupying the wingtip positions
and Rh(1) and Rh (2) forming the body. There are two
inequivalent bridging carbonyls and eight terminal carbonyls.
The alkyne group, C(6)C(7), is not exactly parallel to the Rh-
(1)—Rh(2) bond, in agreement with the reported X-ray mof (
17-HC,H)Coy(COY(u-COY? and fu-n*~RCH)CoRh(CO)e(u-
CO)4, R = FeCp.28 The structure has low symmetry (approxi-
mate C, symmetry). The Rh(2)Rh(3) predicted bond length

shows that the experimental spectrum and the DFT-predictedis 2.81 A, while the Rh(2)Rh(4) is 2.71 A. The predicted

spectrum are in good agreement. The vibrational patterns aregihedral angle between the M@M(2)—M(3) and M(1)-
similar, and the relative intensities of the bands are similar. The pM(4)—M(3) planes is 1208 consistent with the reported
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experimental values of 126for (us-7?-HCH)Coy(CO)(u-
COY*?and 116.9 for (u4-17>-RCR)CouRM(CO)(u-CO), R =
CsFs.22 It should be mentioned that in the two reported mixed
CoRh, alkyne clusters, two CO ligands are semibridged,
whereas in neither the X-ray structure ofs?-HC,H)Cos-
(CO)(u-CO), nor the DFT-predicted geometry ofugn?-
symmetric alkyne)R}{CO)(u«-CO), are there indications for
semibridged behavior.

The coordinated alkyne in Figure 2 is predicted to have a
bond length of ca. 1.42 A, and the bond angle ECB—C7 is
12#. The reported bond lengths for the alkyne moieties in refs
22, 23, 24, and 28 were 1.399, 1.369, 1.42, and 1.419 A,
respectively. These values can be compared to a bond length
of 1.22 A predicted for free 2-butyne using the same DFT
method, PBE/DGDZVP. Overall, the coordinated alkyne in
Figure 2 has a ca. 1.5 bond order.

(28) Zhu, B.; Zhang, W.; Zhao, Q.; Bian, Z.; Hu, B.; Zhang, Y.; Yu-
Hua, Y.; Sun, JJ. Organomet. Chen2002 650, 181.
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Table 1. Mid-infrared Carbonyl Vibrational Spectra (cm ~) of (u4-n?-symmetric alkyne)M4(CO)g(u-CO), Butterfly Clusters

(M = Rh, Co)
bridging terminal
DFT? 1893 1895 1990 1991 1998 2006 2021 2023 2033 2061
3-hexyné 1889 2012.6 2027 2036 2047 2050 2061 2091
PhGPH 1885 2020 2035 2055 2070 2095
acetyleneé 1879 2000 2023 2040 2043 2053 2093

aThis study M= Rh.P Ref 20 M= Rh.°Ref 22 M= Co.

Intensity

Figure 2. DFT-optimized geometry ofi-12-2-butyne)R(CO)-
(u-CO), using PBE/DGDZVP.

A
e

Low-Resolution Vibrational Study of (us-p>terminal
alkyne)Rhs(CO)g(u-CO),]. Using a similar approach, the
reaction of 40 mg of RI{CO);» with 0.95 equiv of terminal
alkynes, namely, 1-heptyne or phenylacetylene, was monitored d
via in-situ mid-infrared FTIR spectroscopy using 4 ©m
resolution. The collected reaction spectra were deconvoluted
using BTEM. Again, new pure component spectra were
obtained. These are shown in Figure 3c,d along with the

vibrational predictions, Figure 3a,b, obtained for full geo- 1800 o 2000 2100 200
metrically optimization of g4-17%-propyne)RB(CO)g(u-CO). Wavenumber cm’”

Figure 3 shows that the DFT-predicted spectrumqfif?- Figure 3. DFT-predicted spectrum ofig-12-propyne)RE(CO)-
propyne)RB(CO)(u-CO), is in very good agreement with  (#-CO), using (a) GaussView03 and (b) Molden43 and the low-
experimentally observed deconvoluted spectra f-1- resolution experimental spectra of (c) (1-heptyneRD)(«-CO)

heptyne)RCO)g(u-CO), and (u4-n2-phenylacetylene)Rh and (d) fua-n>-phenylacetylene)RKCO)(u-CO).
(CO)(u-CO),. A more detailed comparison of the vibrational .
spectra is provided in Table 2. The mid-infrared spectra of the Were on the order of hours. These reactions were much slower

class fi4-n2terminal alkyne)RE(CO)g(u-CO), are slightly but than those for terminal alkynes with KEO),». Therefore,
noticeably distinct from those of the classs¢;2-symmetric 3-hexyne was selected for kinetic studies of the reaction shown

alkyne) Rh(CO)g(u-CO). in eq 1. This reaction was studied on the interval ef0095

The DFT-optimized structure of«-17?-propyne)Ra(CO)- equiv of alkyne to cluster.
(u-CQO) is shown in Figure 4. Overall, the structural parameters
are very close to those observed for the optimized structure of Rh,(CO),,+ 3-hexyne—

4-12-2-butyne)RB(CO)g(u-CO)y. 2
(IuLZW-Resc))/Iuti)onb(Vibr{:t(‘il:)nal )Sztudy of (usm?-asymmetric (wgn™-3-hexyne)RUCO}(u-CO), + 2CO (1)
alkyne)Rhs(CO)g(u-CO),. For completeness, the reactions of
40 mg of Rh(CO)(u-CO); with 0.95 equiv each of 1-phenyl- It is rather important to note that the range of this reaction
1-butyne and 1-pheny-1-hexyne were monitored using in-situ was limited to only 0.95 equiv of alkyne to parent cluster in
mid-infrared FTIR spectroscopy using 4 chresolution. The the present study. Indeed, new very weak signals were observed
collected data were deconvoluted with BTEM, and again a in the SVD of the present data sets, but these signals were not
spectrum with a pattern similar to that observed earlier for deconvolutable by BTEM. The presence of these new weak
terminal and symmetric alkynes was observed. In addition, the signals suggests other organometallics at very low concentra-
length of the aliphatic chain had little or no influence on the tions. These signals increase significantly in the vicinity of 1
observed band positions at 2092, 2064, 2048, 2028, 2013, ancequiv of alkyne to parent cluster, and thus these observations
1891 cnrl. suggest the further fragmentation of the butterfly cluster to

Kinetics. Reaction of the Rhy(CO)g(u-CO);3 with 3-Hexyne. binuclear species. A similar observation was made by Hot¥ath
The typical reaction times for symmetric alkynes withy&0); for (usan?>-PhGPh)CoRh(CO)(u-CO), only after adding
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Table 2. Mid-infrared Carbonyl Vibrational Spectra (cm ~1) of (u4-n?terminal alkyne)Rh4(CO)g(u-CO), Butterfly Clusters

bridging terminal
DFT 1894 1897 1994 1996 2002 2012 2024 2027 2036 2065
1-heptyne 1895 2015 2030 2042 2051 2063 2094
(Ph)GH 1897 2018 2031 2044 2054 2066 2095

excess alkynes. The nature and the structure of the species irhigh-resolution spectra shown in Figure 1. Furthermore, the

homometallic rhodium experiments will be the subject of further
study.
Spectroscopic AspectsTwelve isothermal batch reactions

spectrum of RE(CO);¢ was observed, with bands at 2075 and
1819.6 cml. As Rhy(CO)ysis present at trace levels, its spectra
possessed few artifacts and had lower signal-to-noise ratio. The

were conducted under 1 atm of pressure of Ar and/or CO using spectrum of the newly identified all-terminal REO).,, which
hexane as a solvent. The concentrations and the operatings present at only a 1% level, was not deconvolutdblio
condition were design to allow mechanistic investigation (see other organometallic pure component spectra could be recon-

Experimental Section for details). All experiments were moni-
tored via on-line mid-infrared FTIR spectroscopy with a
resolution of 4 crm.,

As an example, the raw spectra of the carbonyl vibration
regiony(CO) at 1806-2200 cnt? for batch number 3 are shown
in Figure 6. Upon adding 0.95 equiv of 3-hexyneu[), the
decline of the RE({CO)y(u-CO); band and the rise of new bands
was observed.

Pure Component SpectraBTEM was used to deconvolute

structed.

Relative Concentrations.Upon obtaining the pure compo-
nent spectra, which are not yet scaled to the correct extinction
coefficient, their relative concentration profiles (contributions
to overall signal) can be readily obtained as shown in Figure 8.
These relative concentration profiles are simply the contribution
of each pure component signal to the total experimentally
measured spectral signal. The relative concentration profiles of
the species in batch 3 are shown in Figure 8. The organometallic

the pure component spectra present. The rhodium organome-species contribute ca. 20% of the experimental signal, while
tallics observed are shown in Figure 7. The pure component the rest of the signal is coming from the background, moisture,

spectrum of the starting material REO)(u-CO); at 2073.8,

2069.6, 2043.2, and 1886.4 ciwas consistent with previous
studies and references theréiiThe vibrational spectrum of
(ta-1?-CoHsCCGHs)Rhy(CO)g(1-CO), was reconstructed with

and the solvent. The maximum contribution fromgf0)6,
which exists at trace levels, was 0.5% of the total signal. Figure
8 shows that a characteristic reaction time is ca. 6.5 h.

Real Concentrations.Using the relative concentrations and

excellent high signal-to-noise and is in excellent agreement with knowing the initial moles of RI{CO)(«-CO) in each batch,

Figure 4. DFT-optimized geometry qf;-7?-(1-propyne)RE(CO)-
(u-CO), using PBE/DGDZVP.

Intensity

T T T
1800 1900 2000 2100 2200

Wavenumber cm™

Figure 5. Low-resolution experimental spectra of (a)-4>phenyl-
1-hexyne)RE(CO)(u-CO), and (b) fis-17%-1-phenyl-1-butyne)RA
(CO)(u-CO).

Wy e number e

Figure 6. Time series of raw reaction spectra for the reaction of
Rh,(CO)4 (1-CO),

3-hexyne with R(CO)y(u-CO)s.

(1, m>-3-hexyne)Rh(CO)g (1-CO),

Absorbance

N

Rhg(CO), ¢

A

1900

e A

1800 2000 2100 2200

Wavenumber cm-1

Figure 7. Pure component spectra obtained from BTEM analysis.
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Figure 8. Relative metal carbonyl concentrations provided by 5o =
BTEM analysis. soes | = 1gmeerco TR o
Table 3. Estimated Values ofky,s as a Function of & coes | .__.--""- PSS
Temperature E sy S ISy
temp (K) T e e e
288.15 293.15 298.15 o leasSzsSsevere—TTTTY
kobs(10Ps71) 1.44+0.1 3.5+0.2 8.1+ 0.5 Time cmin
. . . . Figure 9. Mole fraction of fu4-172-C,HsCCGHs)Rhy(CO)(u-CO),
Table 4. Experimental Design for Kinetic Experiments as a function of reaction time: (a) KEO), variation, (b) 3-hexyne
Rhy(CO),, CO, Ar 3-hexyne, temperature, variation, and (c) CO partial pressure variation.
batch experiment mg bar bar uL K
1 3-hexyne variation 4060 003 0988 3 298.15 Scheme 1. Proposed Mechanism A for Eq 1 Which Involves
2 40.60 0.03 0.988 45 298.15 the Dissociation of One of the Carbonyl Ligands from
3 39.60 0.03 0988 6 298.15 Rh4(CO)g(u-CO); Prior to the Alkyne Attack
4 Rhy(CO), variation 39.60 0.03 0.988 6 298.15 .
5 4954 0.03 0988 6 298.15 Rh,(CO),(#-CO); —— Rh,(CO),+CO (step 1)
6 60.60 0.03 0.988 6 298.15 o
7  COvariation 40.15 0.01 1.008 6 298.15 X
8 39.60 0.03 0988 6 298.15 Rh,(CO),, +RC,R (__2—> (RC,R)Rh,(CO),, (step 2)
9 39.56 0.05 0.968 6 298.15 k-2
10 temperature variation 40.76 0  1.018 6 288.15 RC.R)Rh,(CO B RC.R)Rh,(CO).. +CO (step 3)
11 3939 0 1018 6 293.15 (RC,R)RR, (CO), > (RGR)RR,(CO)o
12 4042 0 1018 6 298.15

be classified as a dissociative mecharfiswhere one of

the pure component can be scaled to the correct extension‘fafbonw ligands dissociates prior to the coordination of the
coefficient, and thus the real concentrations of all organome- ligand. DFT was performed, and the results suggest that apical
tallics can be obtained. The arithmetic details are discussed inCO dissociation may be preferred over basal (axial and radial)
detail elsewher& Since quantitative information on 3-hexyne ©r bridging CO dissociation. _

is not available in the 18062200 cnr! spectral region, the In Scheme 1, steps 1 and 2 are considered elementary. As

time-dependent concentration of 3-hexyne was calculated usingStepP 3 is assumed to be the rate-limiting step, the rate of product
the mass balance shown below. formation can be presented as shown in eq 2.

Mo = Moo ~ Mouterys rate= T AIRMEOM _ e rirn(CO)) (2

Kinetics and Mechanism of the Reaction.Nine kinetic ) )
experiments were performed to determine the rate expression AS the intermediates (R&)Rhy(CO)1 and Rh(CO) were
for the formation of the butterfly cluster at 298 K. These Not observed, their accumulation can be assumed negligible,
experiments and can be divided into three sets;(G@)» i.e., d[intermediate]/d= 0 Using this ste_ady-state approxima-
variation, 3-hexyne variation, and CO variation, as shown in tion.* eq 2 can be rewritten as shown in eq 3.
Table 4 (see Experimental Section). In each set, one experi-

mental parameter was systematically varied while the remaining d[(RGR)RN,(CO),ql _ ky[RC,R][RN,(CO),,|
variables were held essentially constant. dt (k_1/k)(1 + k_,kg)[CO] + [RC,R]
Figure 9 shows that the rate of formation ofy72-CoHs- (3)

CCGH5)Rhy(CO)(u-CO), increased with increasing RICO)2

and 3-hexyne. However, a drastic drop in the rate of its  With the assumption thég is the rate-limiting step, the term
formation was observed when the CO mole fraction was k-_,/ks in the denominator is expected to be large, ile.i/k2)-
increased, indicating that the coordination of the alkyne is (1 + k-u/ks)[CO] > [RC,R]. Therefore, eq 3 can be further
poisoned/retarded by the presence of CO. The proposed mechsimplified as shown in eq 4, whetg,s equalski/(k-1/ko)(1 +
anism, see Scheme 1, for the alkyne substitution reaction cank-,/ks).

(29) Allian, A. D.; Garland, M.J. Chem. Soc., Dalton Trang005 11, (31) Richens, D. TChem. Re. 2005 105, 1961.
1957. (32) Masel, R. IChemical Kinetics and Catalysidohn Wiley & Sons:
(30) Widjaja, E.; Li, C.; Garland, MJ. Catal.2004 223 278. New York, 2001.
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d[(RCZR)RhA(CO)lo] _ [RCZR][Rh4(CO)12] = liquid in J out

dt Kobs [COJ (4) : S
\_"_‘— alkyne injection ? w wacuum | inlet g:s

To test eq 4, the orders of RICO)(u-CO), 3-hexyne, and

CO were computed from the experimental data; that is, the |

values ofa, B, and y in eq 5 were obtained by fitting e
experimental concentration profiles using linear regression. The | 8 . ) "]Wr"—‘ /D\
numerical values oft, 5, andy were 1.0362+ 0.0199, 1.1061 : 4 L

+ 0.0232, and-1.01874+ 0.0525, respectively. > 7 =

Figure 10. Experimental setup for in situ FTIR measurements.
Legend: (1) argon tank; (2) argon purification column; (3) pressure
transducer; (4) jacketed continuous stirrer tank reactor (CSTR); (5)
Although the results are in a good agreement with the hermetically sealed Teflon pump; (6) FTIR with high-pressure flow
suggested mechanism, it should be mentioned that the first steghrough cell; (7) data acquisition.
might instead involve transformation of th&, Rhiy(CO)y(u-
CO); to another new structure, i.e., an open polyhedron, which hexyne, 1-phenyl-1-butyne (Aldrich, 99%), and the 1,6-enyne
results from the cleavage of one RRh metal bond. Indeed, (GFS Chemicals, 99%) were used directly without further purifica-
there exist kinetic and mechanistic studies where open polyhe-tion.
dron M, clusters have been invoked in order to rationalize the ~ Equipment. All syntheses and kinetic runs were performed in a
observationg3 closed recycle system. The experimental apparatus consisted of a
Apparent Eyring Activation Parameters. To determine the jacketed glass reactor (Aceglass) equipped with a magneFic stirrer,
apparent activation parameters, four isothermal batch experi-2 Teflon membrane pump (Cole-Parmer), and a Perkin-Elmer
ments were carried out at temperatures of 288.15, 293.15, and>YStem 2000 mid-infrared FTIR spectrometer. The fluid was
298.15 K. The rate of the formation ofi£7?C,HsCCGHs)- pumped under _|_sobar|c (argon/CO, atmo_spherlc pressyre) and
Rhy(CO)(u-COY), increased with increasing temperature. The isothermal co_n_dltlons (temp control Polyscience 9105, with tem-
observed rate constantge, are shown in the Table 3. perature stability= 0.05 K) from the reactor through the pump,

Th | dt th | f th then a high-pressure infrared cell with recycle back to reactor.
€ values ofkops were used to regress the values of the Connections for vacuum and argon were provided. A 2.000 piezo-

- on Y N
enthalpy of activatiomH* and the entropy of activations* transducer (PAA-27W, Keller AG, Switzerland) was used through-

rate= kobJRh4(CO)12]“[alkyne]g[CO]V (5)

using eq 7. The obtained values were 123.61.0 kimol™* out for pressure measurements. The entire experimental setup was
and 72.4+ 37.3 Jmol~-K™*, respectively. gastight. To ensure quantitative working conditions, and hence
minimal decomposition of the moisture-, oxygen-, and light-
_ kT —AH* | AS sensitive metal complexes, the system was thoroughly rinsed with
Kobs = h ex RT + R @) anhydrous solvent under argon and then evacuated to dryness prior
to each experiment. In addition, the reactor was fully covered with
Conclusion aluminum foil, thus providing dark reaction conditioffs.

Hamilton gastight 1L and 1.0 mL syringes were used for

The addition of alkyne to RI(CO). results in the formation  introducing 3-hexyne solutions into the reactor through a rubber
of the butterfly clustersu-12-alkyne)Rh(CO)(u-CO). The septum. The high-pressure infrared cell was constructed at the ETH
mid-infrared spectra of various butterfly clustess-¢2-alkyne)- Zirich of SS316 steel and could be heated and cooled. The KBr
Rhy(CO)(u-CO), were obtained. Geometries for these new single-crystal windows used (Korth Monokristalle, Kiel, Germany)
nonisolatable complexes were obtained by matching the ex-had dimensions of diameter 40 mm by thickness 15 mm. Two sets
perimentally obtained vibrational pattern in the mid-infrared with of Viton and silicone gaskets provided sealing, and Teflon spacers
the predicted DFT vibrational patterns. The kinetics of the were used between the windows. The construction of the flow-
formation of the butterfly clusteg-5?3-hexyne)RE(CO)g(u- through cell is a variation on the design by Noack (196&nd
CO), were also studied. The kinetics were well behaved and differs_ in some respects from other_high-press_ure infrared ®ells.
provided quite clear reaction orders. The experimental kinetics 1N high-pressure cell was situated in the Perkin-Elmer 2000 FTIR
together with mechanistic considerations suggest that two INfrared spectrometer. The cell chamber was purged with purified
different mechanisms are consistent with the observations. Thesd"r0gen (Soxal, Singapore, 99.999%). The instrumental resolutions
involve, as a first step, either a CO dissociative mechanism or used were 1 and 4 cth and recorded spectra were obtained from

the cleavage of a RRRh bond to form a coordinatel 10 co-additions. The reported spectra from 182000 cnT! have
9 Y 0.2 cmt data intervals. A schematic diagram of the experimental
unsaturated open polyhedron.

setup is shown in Figure 10.
. . Kinetic Experiments. The kinetic study consisted of 12 iso-
Experimental Section thermal batch reactions. All of these batches were conducted in a

- : . ; imilar manner. Thus, only a description of the first isothermal
General Information. All solution preparations were carried out S ’ . .

under argon (Soxal, Singapore, 99.999%) using standard Schlenl@ag:h’ g:londucted at 298.15 K and under 0.03 mbar CO, is provided
techniqued® The solvents-hexane (Fluka, puriss, 99.68) and in detail.
d-benzene (Cambridge-Isotope, MA, 99.5%) were refluxed over . .
sodium potassium alloy under argon. The argon was further purified 30f3) Bor, G.; Dietler, U. K.; Pino, PJ. Organomet. Chen978 154
prior to use by passage through a column containing 100 g of  (34) Garland, M. InMechanisms in Homogeneous Catalysis: A Spec-
reduced BTS-catalyst (Fluka AG Buchs, Switzerland) and 100 g troscopic Approach Heaton, B., Ed.; Wiley-VCH: Weinheim, 2005;
of 4 A molecular sieves to adsorb traces of oxygen and water, ChggerNg'agklsKISpectrochim ACtA968 24 1917
reslpectlveloy. The me“’.’" complex RBO), Wlth stated purity of (36) Whyr‘n'an,' R. In_aboratbry Methods in \/jbrétional Spectroscopy
at least 98% was obtained from Strem Chemicals (Newport, MA). 3:d ed.; Willis, H. A., van der Maas, J. H., Miller, R. G., Eds.; Wiley:
All alkynes, 3-hexyne, 1-heptyne,l-octyne, 4-octyne, 1-phenyl-1- New York, 1987; Chapter 12.
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Background spectra of the empty IR chamber were recorded, Then, an equimolar amount of alkyne was added to each batch,
and only then was the high-pressure cell loaded into the IR namely, 3-hexyne, 1-heptyne, 1-octyne, and 4-octyne. Upon inject-
compartment. Then, 40.60 mg of RBO), was added to 100 mL ing the respective alkyne to each RBO);, solution, it was quickly
of distilled hexane in a Schlenk tube and stirred for 20 min under transferred to a standard IR cell with a path length of 0.5 cm and
atmospheric argon. The reddish solution was then transferred towas placed in the IR compartment to monitor the formation of the
the evacuated reactor, the stirrer was started, and argon wagespective butterfly cluster. Undoubtedly, the inhomogeneity of the
introduced to a total pressure of 0.750 bar and allowed to equilibrate. solution due to the lack of stirring contributed to the nonlinearity
Subsequently, 30 mbar of CO was carefully added to the reactor,and the high noise level observed in the collected spectra.
and this was topped up with argon to 1.018 bar. The Teflon pump Nevertheless, BTEM was successfully able to reconstruct the pure
was started to allow fluid circulation through the high-pressure IR component of the each formed butterfly cluster with decent signal-
cell and back to the reactor. After equilibration of the entire system, to-noise ratio and minor artifacts.
infrared spectra of the R{CO)./n-hexane solution in the high- BTEM was applied to the kinetic batch experiments in order to
pressure cell were recorded. Reaction was initiated by injection of get the following pure component spectrarihexane: fg4-7?-3-

6 uL of 3-hexyne dissolved in 1 mL of hexane through the rubber hexyne)RR(CO)g(u-CO),, Rhy(CO)1,, and RR(CO)e.

septum injection port. Directly after the injection, spectra were  DFT Calculations. Density functional theory was used to carry
recorded every 5 min for ca. 14 h. The experimental design for all out full geometric optimization and vibrational assignmentsf (
12 experiments is shown in Table 4. n?-2-butyne)RB(CO)g(u-CO), and fu4-172-1-propyne)R(CO)g(u-

The solubility of CO inn-hexane was calculated using the CO). The PBEPBE density functional with the DGDZVP basis
Henry’s constant reported in ref 37. Furthermore, due to the low set was used, as this method successfully predicted the geometry
CO partial pressures used, and the fact that CO is evolved duringand the vibrational spectra of a variety of rhodium carbonyl
the reaction in eq 1, the partial pressure and mole fraction of clusters®® DFT-predicted spectra in Figures 1 and 3 were presented
dissolved CO had to be continuously updated as a function of extentin two formats. First is the direct output of the calculated vibrational
of reaction. In this manner, proper kinetic analysis could be spectra, while the second is plotted using Molden43, where

performed. Lorenzian distribution is used to represent the vibrational modes,
Attempts at Crystallization. Attempts to obtain crystals for ~ which can be related easily to the experimental data.
X-ray single-crystal analysis have thus far been unsuccessful. To confirm the validity of the approach taken (functional and

Spectral ProcessingBand-target entropy minimization was used basis set used), the optimized geometry faff>-HCCH)Ca(CO)s-
to obtain all the pure component experimental spectra reported in (4-CO), and the mid-infrared spectra were predicted and compared
this contribution, by deconvolution of the corresponding reactive to the available literature experimental res@i¥ery good agree-
multicomponent solutions. Details of the mathematical constructs ment is obtained. These results are archived in the Supporting
of BTEM can be found elsewhe?&2? Information.

Single-batch experiments were performed to obtain the BTEM .
deconvolutions of the following pure component spectranin Acknowledgment. The authors wish to thank Prof. Mark

hexane: #41%3-hexyne)RiCO)(u-CO), at 1 cn1? resolution, Saeys for helpful discussions.

(ua-n?>-1-heptyne)RE(CO)(u-CO), (us-n?-phenylacetylene)Rh Note Added after ASAP Publication. In the version of

(CO)(u-COy,, (u4-n*-1-phenyl-1-butyne)RICO)(u-CO),, and fis- this paper published on the Web March 21, 2006, two different

n?-1-phenyl-1-hexyne)R{CO)s(u-CO)y. equations were both labeled as eq 2. The version that now
The pure component spectra gf;{y?-1-octyne)RB(CO)g(u- appears is correct.

CO), (usn*4-octyne)RR(CO)(u-CO), (usn>1-heptyne)Rh

(CO)(u-CO),, and fu4-17%-3-hexyne)RI(CO)(u-CO), in d-benzene Supporting Information Available: This material is available

were obtained using the following procedure. Four batches of ca. free of charge via the Internet at http://pubs.acs.org.
3 mg of Rh(CO);, dissolved in 0.5 mL of d-benzene were prepared. OMO0510019
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