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Abstract: The reactions between the cobalt carbonyl anchored silanetrgCO»CSi(OH) (1) and EMe (E =

Al, Ga and In) in THF result in the formation of the respective group 13 heterosiloxangC[QpCSIO:E-THF],4

(Al (2); Ga 3); In (4)) in good yields. The new heterosiloxanes have been extensively characterized by means of
their analytical and spectroscopic (mass, IR, and NMR) data. Additionally, the molecular structure of the Al complex
2 has been determined by X-ray diffraction studies. The compound contains a cubie3\ core with four Ca-

(COXC cluster units anchored on each of the silicon atoms at the alternating corners of the cube. Interestingly,
there are three different types of £{860)C cluster units within the same molecule based on the mode of coordination
of the CO ligands. In order to test the utility of these compounds in catalytic conversions, hydroformylation reactions
involving 1-hexene as substrate have been carried out at@2Mder a H/CO initial pressure of 70 bar. A series

of solution studies of the catalytic mixture (such as time-dependent IR, NMR, and MS) have been carried out in
order to identify the catalytic active species in the process. The Al- and Ga-containing heterosiloxanes show a
better hydroformylation activity compared to the In analogue. The regioselectivity of the hydroformylation reactions
with 2 is found to be over 60%. The hydroformylation presumably proceeds via the decompositiog(G0EE

cluster fragments into GECO)g units in the case of catalysgsand 3.

Introduction be achieved either by means of their interaction with the
hydroxyl groups on a solid surface or alternatively by means
of interactions between the CO ligands and a Lewis acidic center
of the surface. Similar cobalt-doped zeolites as catalysts for
hydroformylation reactions have been reporteth those cases

catalyst the metal species have been deposited in the form of salts or
RCH=CH, + CO + H; ——— RCH,CH,CHO + RCHCHO carbonyl clusters. Furthermore, the modifications of oxidic

(|;H3 surfaces with the multinuclear cobalt carbony! clustes(CO)-
CR (R= CHj3;° PH9) have been reported.

temperatures and pressures, hydroformylation reactions have Our interest in this area is ce_nt_ered around synthesizing
been found to be catalyzed by group 9 carbonyl clusters, of soluble cluster compounds that mimic surface ca’galysts. Feher
which cobalt based clusters have been extensively stddibd. etetzll.lah'laa:/ee Con;r'gﬁiiis to Aégl'?ohdaﬁla @;I tgfee':r. V\grkal on
classical Roelen process employed cobalt metal as the catalysfz ortesl thz squljtlht)e(s's of' the ¢ bl'(I: S h?a/ros'l' gate Clo )

and the catalytically active species in this homogeneous proces P Y : ubIC Sp " (EB)

was believed to be HCo(C®J However, the major disadvan- .igolZ)' which is interesting with regard f[o mimicing surfacg-
tage in using this reaction process is the remarkably high fixed cobalt clusterd although no studies on the catalytic

volatility of the catalyst. This led to a search for rather more activity of this compo_u_n_d have been described. -
expensive rhodium-based catalysts for this purgose. we h_ave recently |n|t|§1ted a rgsearc;h program on deV|S|_ng
Anchoring active catalysts to insoluble materials such as synthetic routes for a variety of silanetriols of the formula RSi-

oxides, silicates, and zeolites cuts the loss of catalyst during (OH)s (where R is an alkyl, amino, or aryloxy group) in order

The hydroformylation of terminal olefins is a well-known
industrial process for the large-scale preparation of aldehydes
involving homogeneous catalytic systems (eq 1). At high

the catalytic process.” The fixation of the active centers can (6) Gates, B. CAngew Chem, Int. Ed. Engl. 1993 32, 228.
(7) Ichikawa, M.; Rao, L.-f.; Fukuoka, ACatalytic Science and
® Abstract published ifAdvance ACS Abstract#ugust 15, 1996. TechnologyYoshida, S., Takezawa, N., Ono, T., Eds.; VCH: Weinheim;

(1) Gladfelter, W. L.; Roesselet, K. The Chemistry of metal cluster Kodansha: Tokyo, 1991; Vol. 1, pp 11116.
complexesShriver, D. F., Kaesz, H. D., Adams, R. D., Eds.; VCH: New (8) Maxwell, E.Advances in Catalysis 3Eley, D. D., Pines, H., Weisz,
York, 1990; pp 344-346. P. B., Eds.; Academic Press: New York, 1982.

(2) There have been several mechanistic studies to identify the real active  (9) Schneider, R. L.; Howe, R. F.; Watters, K. L. Catal. 1983 79,
species in this system. 298.

(3) Cornils, B.; Herrmann, W. A.; Rasch, Mingew Chem, Int. Ed. (10) Meyers, G. F.; Hall, M. BOrganometallics1985 4, 1770.
Engl 1994 33, 2144. (11) Feher, F. J.; Budzichowski, T. A.; Weller, K.J.Am Chem Soc
(4) Studies in Surface Science and Catalysis 29: Metall Clusters in 1989 111, 7288.
Catalysis Gates, B. C., Guczi, L., Kimnger, H., Eds.; Elsevier: Amster- (12) Feher, F. J.; Weller, K. Drganometallics199Q 9, 2638.
dam, Oxford, New York, Tokyo, 1986. (13) Feher, F. J.; Budzichowski, T. Rolyhedron1995 14, 3239.
(5) Studies in Surface Science and Catalysis 5: Catalysis by Zeolites (14) Calzaferri, G.; Imhoff, R.; Tmroos, K. W.J. Chem Soc, Dalton
Elsevier: Amsterdam, Oxford, New York, Tokyo, 1980. Trans 1993 3741.
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to use them for supporting catalytically active metal centers.
Subsequently we were able to interact these silanetriols with a
variety of metal substrates and prepare a multitude of metal-
lasiloxanes® For example, the interaction of solid & with
t-BuSi(OH) results in the formation of an eight-membered
siloxane ring on which four Reffragments are anchoréél.
Likewise the first molecular alumino- and gallasiloxanes
synthesized by d$1° and other&®2!can be considered as the
smaller analogues of synthetic zeolites.

Therefore, it was our purpose to extend these investigations
in the lines of realizing such useful species with group 9
carbonyl clusters anchored on them. Accordingly, we chose
to synthesize the cobalt carbonyl based silanetrioj(CO)y-
CSi(OH) (1),22 originally reported by Seyfertt? and react it
with group 13 alkyls such as AlMe The results of this
investigation along with their use as hydroformylation catalysts
are reported in this paper.

Results and Discussion

Synthesis and Spectra. The reactions between tricobalt
nonacarbonyl methylidyne silanetribbnd equimolar quantities
of group 13 trimethyl derivatives in THF leads to the isolation
of the Al-, Ga-, and In-containing heterosiloxar&s4 in good
yields (Scheme 1). The reaction is complete within a few

minutes in each case as monitored by the evolution of methane

gas. However, in the case of Ga and In, the reaction mixture
was further heated under reflux to ensure the completion of the
reaction.

The products were isolated in an analytically pure form and
characterized by elemental analysis and mass, IR, and NMR
(*H, 18C, and 2°Si) spectroscopic measurements. All the
compounds yielded satisfactory analytical data. However, we
were not able to either observe the molecular ion peaks in their
mass spectra or obtain melting points. On heating above 200
°C, a considerable amount of decomposition is observed. The
solubility of these compounds in hexane increases in the order
4 > 3 > 2. However, all the compounds are highly soluble in
polar solvents such as THF.

The CO region of the IR spectra &fand3 along with the
spectrum of Cg(CO)s (for comparison purposes) is shown in

(15) Murugavel, R.; Chandrasekhar, V.; Roesky, H.Alc Chem Res
1996 29, 183.

(16) Winkhofer, N.; Roesky, H. W.; Noltemeyer, M.; Robinson, W. T.
Angew Chem, Int. Ed. Engl. 1992 31, 599.

(17) Montero, M. L.; Usa, I.; Roesky, H. WAngew Chem, Int. Ed.
Engl 1994 33, 2103.

(18) Voigt, A.; Murugavel, R.; Parsini, E.; Roesky, H. Whgew Chem,
Int. Ed. Engl. 1996 35, 748.

(29) Voigt, A.; Murugavel, R.; Parsini, E.; Roesky, H. W. In preparation.

(20) Hoebbel, D.; GarzoG.; Ujszazi, K.; Engelhardt, G.; Fahlke, B.;
Vargha, A.Z. Anorg Allg. Chem 1982 484, 7.

(21) Smolin, Yu. I.; Shepelev, Yu. F.; Ershov, A. S.; Khobbel &kl
Akad Nauk SSSR987 297, 1377;Chem Abstr. 1988 108 229950 f.
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Figure 1. FTIR spectra of4, 3, and Ce(CO) in hexane solution at
20 °C before catalytic runs. Peak at 1821 ¢nare due to 1-hexene.
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Figure 2. Variable-temperatur€C NMR spectra of the CO region of
cluster3 in THF-ds.
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Figure 12* All the compounds show a very similar spectral
pattern in this region showing two strong absorptions between
2000 and 2100 cr.

The13C NMR temperature dependent solution studies in the
region of carbonyl carbon nuclei show dynamic behavior.
Variable-temperature experiments for compouddsd4 were
performed between 20 and90 °C in THF-dg and the results
are summarized in Figures 2 and 3, respectively. Itis generally
observed that there is a fast intramolecular exchange process
between the axial and equatorial CO ligands even at tempera-
tures as low as-90 °C in the case of complexes of the type
Co3(CO)CR25 Thus, there is only one signal observed for all
the CO ligands in these compounds. In the present study, the
Ga heterosiloxan8 shows the presence of three signals even
at 25°C (Figure 2). On cooling, there does exist some change

(24) Due to the poor solubility of the Al compourglin n-hexane, a
solution spectrum for this compound could not be obtained. The spectrum
was recorded only as a Nujol mull.



8582 J. Am. Chem. Soc., Vol. 118, No. 36, 1996 Ritter et al.

Table 1. Summary of the Hydroformylation Studies

catalyst 1-hexene % of 1-hexene internal internal  selectivity
concn, conversion, convertedinto olefins, 1-heptanal, aldehydes, linear/ material turnover
exptno? catalyst mmol 9%° aldehyde% mmol (%) mmol mmol brancheél balance, % no. (18 hy
1 2 0.02 83.8 95 6 (4) 90 44 2.0 89 6700
2 2 0.03 86.9 96 5(@3) 92 47 2.0 91 4633
3 2 0.04 91.3 98 3(1) 98 48 2.0 93 3650
4 3 0.02 83.1 89 12 (8) 81 52 1.6 93 6650
5 3 0.03 87.5 91 11 (7) 86 54 1.6 96 4667
6 3 0.04 88.1 94 8 (5) 82 59 1.4 94 3525
7 4 0.025 13.1 15 24 (17) 12 9 1.3 89 840
8 4 0.03 21.9 25 38 (27) 19 16 1.2 88 1167
9 4 0.035 46.0 52 55 (37) 34 42,5 0.8 92 2186
10 4 0.04 58.8 62 56 (37) 35 59 0.6 94 2350

a Conditions: reaction time 18 h; reaction temperature d2Qinitial pressure 70 bar; 1-hexene charged 160 mmol; toluene charged 30 mL;
internal standard 5 mL heptanfePercent conversior mmol of aldehyde/mmol of 1-hexene chargé@ercent of unrecovered 1-hexene converted
to aldehydes; loss of hexene occurs during charging and depressurization of the autdokaveal olefin= 2-hexene and 3-hexene; used 1-hexene
contains 3% internal olefing.Selectivity linear/branched of the aldehydeEhe material balance is not 100% due to the loss of hexene. GC
analysis at different high-temperature programs showed no high molecular weight products and only trace amounts of hydrogen products like
hexane, heptanol, or 2-methylhexarfol.urnover number: mmol of aldehydes/mmol of catalyst.

behavior has been observed for phosphine-substitutgCO%-

-80°C (PPh)CCH; and this observation has been attributed to an
W increased lifetime of a phosphine ligand on a particular cobalt
WMMWWWMWMM atom at lower temperatufé. However, since complexes-4

do not have phosphine ligands and still show a similar behavior,

-60°C we believe that this observation should have a relation to the
MWWWM increased number of bridging CO species at lower temperatures.
i On the other hand, the temperature-dependent spectra of the In

analogue4 is quite different. Firstly, only two very broad
40°C overlapping signals are observed in the CO region at room
temperature as shown in Figure 3. Secondly, neither does this
pattern change as a function of temperature nor there is any
distinct sharpening of the lines. This is a clear indication of a

-20C very fast intramolecular CO exchange process in this case
WWWWW% irrespective of the temperature of the spectral measurement. This

observation is fully supported BYCO/A3CO exchange studies
by mass spectroscopy discusséde infra.

0°C

The 2°Si NMR spectra of these compounds show only one
peak which is upfield shifted from the value of the parent
silanetrioll, indicating that these compounds contain only one

20°C type of silicon in solution. While the resonance fds observed
MMM at —73.6 ppm, the corresponding values for compouddsd
O TP PV L ¥ia AL ¥ NV VYT T 4 are downfield shifted and are observed-#3.6 and—62.5
' 20'8 206 204 202 200 168 166 ppm, respectively. This observation is consistent with the values
ppm observed for the group 13 heterosiloxanes derived from a series
Figure 3. Variable-temperaturC NMR spectra of the CO region of ~ Of aminosilanetriol$’
cluster4 in THF-s. Molecular Structure of 2. Suitable single crystals of

compound2 can be obtained from the reaction mixture by
in the relative intensity of these lines, with the overall spectral adding hexane and storing the mixture under low temperature
pattern remaining the same. Although there is no straightfor- for prolonged periods. Compouriticrystallizes in the mono-
ward assignment for these three peaks, from the crystal structureclinic space groupP2:/c.26-39 The molecular structure & in
of the Al heterosiloxan reportedvide infra, we are tempted  the solid state with the atom labeling scheme is shown in Figure
to assign these peaks to be originating from the (1) terminal, 4. Selected structural parameters are listed in Table 2. The
(2) bridging, and (3) semibridging type of CO ligands. As Al/O/Si central core of the molecule contains a®@{,Sis cubic
indicated previously by other authdfsthe intramolecular  framework whose alternating corners are occupied by aluminum
exchange process in the present case also is very fast at roomyng silicon atoms (Figure 5). Each of the cube edges are bridged
temperature and hence the intensity of the peak due to thepy a,2-0xygen atom. Furthermore the four silicon atoms bind
bridging type of CO ligands is low. However, on cooling the to cobalt methylidyne cluster GEEO)XC units while each of
solution to —90 °C, we observe the intensity of peak 2 t0  the four aluminum atoms coordinate to a THF donor ligand.
increase (Figure 2), possibly indicating that the number af Co
(CO)XC units containing bridging CO ligands has increased.  (26) Matheson, T. W.; Robinson, B. H. OrganometChem 1975 88,
Another interesting observation in tA&C NMR temperature-  367.

dependent spectra of compoudi the frequency shift of peaks Chgn? X]OEFZSAS'.; Murugavel, R.; Ritter, U.; Roesky, H. W. Organomet
2 and 3. For example, peak 3 is downfield shifted by 5.5 ppm  (28) Kottke, T.; Stalke, DJ. Appl. Crystallogr. 1993 26, 615.
on cooling the solution te-90 °C from room temperature. Such (29) Sheldrick, G. MActa Crystallogr Sect A 1990 46, 467.

(30) Sheldrick, G. M. Program SHELXL-93, University of @agen,
(25) Aime, S.; Milone, L.; Valle, MInorg. Chim Acta1976 18, 9. 1993.
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Figure 5. Solid-state structure of the aluminosiloxane coré afithout
Co substituents.
Table 2. Selected Bond Lengths (pm) and Angles (deg)Zor

Co(1)-Co(3) 247.0(1) Co(2)Co(3) 246.6(1)
Co(1)-C(1) 190.0(6) C(1)Si(1) 185.5(6)

Co(2)-C(1) 189.8(6) Si(1)>0(1a) 162.0(6) Figure 6. The three types of GECO)C cluster fragments d in the
Co(1)-Co(2) 247.5(1) Si(1yO(1b) 162.4(6) solid-state structure.
Co(3)r-C(1) 191.1(6) Si(1)0O(1c) 164.4(6)

Co(3)-Co(1)-CO(2) 59.83(4) Si(I}C(1)-Co(3) 128.8(4)  the corresponding bonds {fi(CHz)aN]4*"[Al 012Siu(OH)g* } 2*
C(1)-Co(2)-Co(3) 49.92) O(1a)Si(1)-O(lb) 111.2(4) They agree well with the average value (160.8 pm) given by
Co(31-Co(2-Co(1)  59.99(4) Co(HC(1)-Co(3) 80.8(2) Brown for Si-O distances in a silicate lattiéé. The aluminum
C(1)-Co(2)-Co(1) 49.4(2)  O(1bySi(1)-O(1c) 105.9(3) atoms are likewise tetrahedrally surrounded by four oxygen
g?l()zz:%‘(’éi)eg‘(’z()l) 28-411?2(?) 88@2"(&)):88)0) %gg-gg’)) atoms. The A+O bond lengths of the cubic core lie in the
Si(1)-C(1)-Co(2) 128'.8(4) 0(1a)Si(1)-C(1) 110:8(3) range 168.8(6) to 173.2(6) pm, V\{high corresponds to an average
C(1)-Co(3)-Co(1) 49.4(2) C(1}¥Co(1-Co(3)  49.8(2) bond Iength of 170.7 pm. This is in good agreement with the
Co(2)-C(1)—Co(1) 81.3(2) O(1eySi(1)-C(1) 112.2(3) corresponding bond lengths found {fi(CH3)4N]4*"[SisO12-
Si(1)-C(1)-Co(1) 136.4(4) C(BCo(1)-Co(2) 49.3(2) Al4(OH)g]*"} (170.0 pmp¥! However, the SO bond lengths
Co(2y-C(1)-Co(3)  80.7(2) are shorter than the corresponding calculated value (172.8 pm)
for sodalite3® The Al-0 bond lengths of the coordinated THF
This Al/O/Si framework of the molecule resembles the Molecules (Figure 1) (184.4(6) to 186.0(7) pm) are significantly
smallest three-dimensional unit (secondary building unit, SBU) 'onger than those of the core AD distances.
of a zeolité? which has been found in the Linde Type A The most interesting feature of the molecular structur2 of
specie$? The alternating arrangement of silicon, oxygen, and is the geometry of the four surrounded tricobalt methylidyne
aluminum as well as the stoichiometry of the two metallic Nnonacarbonyl units on silicon. These four carbonyl clusters have
elements obey the Loewenstein rule or the so-called aluminumthree distinctly different arrangement, (B, andC) based on
avoidance rulé3 The silicon atoms are tetrahedrally surrounded the binding mode of the CO ligands as depicted in Figure 6.
by three oxygen atoms and the apical carbon atom of the cobaltThis kind of arrangement is the first experimental observation
methylidyne cluster. The SiO bond lengths are in the range ~ for cobalt carbonyl clusters of the type .BO)C. The average

of 160.3(6) to 162.3(6) pm being relatively short compared to Si—C distance (185.8 pm) is 5.4 pm shorter than the corre-
sponding value found in compouricf?

(31) Gramlich-Meier, R.; Meier, W. MJ. Solid State Chenl982 44,
41. (34) Brown, G. E.; Gibbs, G. VAm Mineral. 1969 54, 1528.
(32) Smith, J. V.Chem Rev. 1988 88, 149. (35) Wells, A. F.Structural Inorganic Chemistry4th ed.; Clarendon
(33) Loewenstein, WAmM Mineral. 1954 39, 92. Press: Oxford 1975.
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In all types, the three cobalt atoms form the corners of a Scheme 2
triangle capped by a carbon atom. In tyfeall of the nine ke
CO ligands are terminally bonded and have an average metal R/\/ - R/\\/
metal distance of 246.8 pm. This compares well with those in K
1(245.46(14)-247.58(12) pm). This type of terminally bonded ks ‘ ks
CO ligand is exclusively found in the two clusters bonded to k2 '

Sil and Si3 of the molecule. In typ®, which is bonded to

Si4, three of the nine CO ligands are arranged in a bridging CHO
mode. The average metainetal distance is 245.1 pm. While R/\/\CHO R/Y */
the Cg triangle inA andB is highly symmetric, this unit in CHO R
clusterC is highly distorted. Here, six of the nine CO ligands
are terminally bonded as in the case of type Two other CO
ligands are present in-bridged position and the remaining
CO ligand (C43, Figure 6) is surprisingly semibridged (€€
bond distance 191.7 pm). This semibridging ligand shows a
weak interaction with the adjacent Co4 (€6 bond distance,
198.2 pm).

The late transition metals with higher atomic numbers show
an increasing tendency to forp?-bridged carbonyl clusters.
This is attributed to the larger atomic radii resulting in reduced
electron density in these atoms. The occurrence of bridging
ligands in 2 indicates an electron-withdrawing effect of the
aluminosiloxane framework on the cobalt methylidyne units.
The electron-withdrawing nature of the cubig@i, siloxane
framework has recently been experimentally demonstrated by
Feher and co-workers for a series of spherosilic#teldence,
it might be expected that the,8:,Sis (E = Al, Ga, In)
frameworks in the heterosiloxan2s4 would also have similar
electron-withdrawing effects on the g€0O)C substituents,
resulting in bridging and semibridging CO ligands.

Hydroformylation Studies. The parent silanetridl and the
new heterosiloxane&—4 show catalytic activity in hydroformyl-
ation reactions involving 1-hexene. The useldodnd related
polyethylene glycol ethers dffor this purpose has already been
described in a preliminary communicatiéh.The summary of
the present hydroformylation investigations using 1-hexene as
the substrate is presented in Table 1. The experiments wer
performed at an initial CO/kpressure of 7680 bar. It should
be noted that this pressure is significantly lower compared to
the pressure of about 200 bar at which hydroformylation
reactions with Cg(CO)g are usually performe#.

As can be seen from Table 1, the Al and Ga catalgsisd

isolation of substantial amounts of internal olefins at the end
of catalytic runs (1#37% after 18 h). In order to test this
supposition, we performed hydroformylation of 2-hexene under
similar conditions with4 and found little or no conversion of
the olefin to aldehyde. Hence the results indicate #hamd3

are equally efficient for the hydroformylation of both terminal
and branched olefins. On the other hand, compalucatalyzes
the hydroformylation of terminal olefins with a faster rate.
Furthermore, the selectivity of the formation of terminal
aldehyde 1-heptanal is considerably high in the case of Al
catalyst2 (Table 1).

These observations put together can be explained by a simple
reaction scheme involving the individual rate constants of the
various processes as shown in Scheme 2. It appears from the
data presented in Table 1 that the rate constangdk; are
higher compared t&; in the case of Al and Ga cataly=2sand
3, while the reverse is true for In compou#dd

In order to have a better understanding of the observed
parameters listed in Table 1, we have performed additional
experiments. The rate of formation of the various products in
each case has been followed as a function of time by drawing
small amounts of the catalytic mixture and analyzing them using
a gas chromatograph. The results of these experiments for all
three catalysts along with the observed n/iso ratio of the
aldehydes are shown in Figure 7. In all the cases there is no
Cobservable induction period for the hydroformylation reactions

to set in. This contrasts with the observation of the earlier
workers with compounds G(COXCR as the catalysEs.

Another observation that is apparent in this figure is the rate of
formation of the 2-hexene or internal olefins. The formation

. - of these internal olefins in the case of Al catalgss very low
3 show a better catalytic activity than the In analogueFor 54 remains more or less constant as a function of time. In the

exat:nple, at a 0.02 mmol concentration of the catalgsimd case of3, the isomerization increases with time initially up to
3, the observed turnover numbers are 6700 and 6650, respecy p, jndicating a considerable amount of isomerization. How-

tively. The corresponding value for In catalykafter 18 h of
the catalytic run is only 840. It is also interesting to note that
the numbers observed f@rand3 are close to those observed | tion. In the case of In catalyat the rates of formation of

for silanetriol 1. both aldehydes and internal olefins increase as a function of

The significant observation in all these catalytic runs is the {jme and the process is not complete even after 5 h. Also there
amount of 1-hexene converted into the aldehydes. While valuesig 5 grop in the niso ratio as a function of time in all the three

closer to 90% are observed irrespective of the concentration of .5cag (Table 1).

the catalysts for compoundsands, in the case of In catalyst Since the effect of catalyst concentration on the catalytic
4 this value is considerably lowered (Table 1). However, in racess s likely to throw insight into the retention or decom-

the case of In catalysk, a large amount of olefin isomerization  hosition of the catalytic structu®,we performed a series of

is found to take place. This implies that the isomerization and ¢4ta)yst concentration dependent hydroformylation runs. The
hydroformylation reactions are taking place simultaneously. The yegyjts are pictorially represented in Figure 8. The turnover
former process results in the formation of internal olefins which ,,mbers quoted are those obtained rateh of the catalytic

are ultimately converted into aldehydes in the cas2 afd3. procesg? It is evident from this figure that the increase in the

However, the hydroformylation process of the internal olefins  concentration of catalysgsand3 lowers the turnover numbers
is apparently less effective with In catalyst This leads to the

ever, the ability of Ga cataly&in hydroformylating the internal
olefins decreases the amount of internal olefins present in the

(38) Withers, H. P.; Seyferth, Dnorg. Chem 1983 22, 2931.
(36) Feher, F. J.; Budzichowski, T. A. OrganometChem 1989 379 (39) Laine, R. M.J. Mol. Catal 1982 14, 137.
3. (40) A comparison of these values with that listed in Table 1 for catalytic
(37) Cornils, B.Reactiity and structure concepts in organic chemistry  runs carried out for 18 h indicates that the hydroformylation reaction is
11: New synthesis with carbon monoxidlbe, J., Ed.; Springer Verlag: almost complete afte3 h in thecase of2 and3, while the reaction withl
Berlin, Heidelberg, New York, 1980. is only half-way through.

3



Cubic Group 13 Heterosiloxanes

@)

Conversion /%

Conversion /%

>

Conversion /%

Figure 7. Product distribution and n/iso ratio of the aldehydes as a
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Figure 8. The effect of cluster concentration on aldehyde formation.

to a considerable extent. On the other hand, in the cade of
there is a slight increase in the observed turnover numbers. This
observation is a possible indication that the catalytic process in
the later case involving is attributable to a cluster catalysts.
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Figure 9. FTIR spectra of samples of g&€0O) (A), 2 (B), 3 (C), and

4 (D) in catalytic hexane/hexene solution afgeh at 120°C and an
initial pressure of 70 bar of $CO (1:1).

tion in the case o2 and 3 does not necessarily mean that the
cluster undergoes decomposition during the process. Additional
studies discussed below however provide more convincing
evidence for the cluster rearrangement in compo#ind

We performed additional studies in solution using IR
spectroscopy as the probe for examining the integrity of the
Co3(COX)C cluster during the catalytic process. Afteh of
the catalytic process the spectra were recorded by drawing a
small amount of the solution. The observed IR spectra in the
CO region of all three mixtures along with the spectrum of a
test run employing C4CO)s as a catalyst are shown in Figure
9. ltisinstructive to compare the spectra displayed in this figure
with those shown in Figure 1 in order to realize the changes
effected by the catalytic process. Interestingly, the spectrum
of Coy(CO) before and during catalysis remains almost the same
while noticeable changes have taken place in the spectra of the
heterosiloxane catalysts. As a representative case (galliumsi-
loxane3) the initially observed pattern containing two absorp-
tions (at around 2040 and 2060 ckh (Figure 1) changes into
a three-line absorption pattern with the new peak appearing
around 2020 cm! (Figure 9). The Al catalys? also shows a
very similar behavior. More strikingly, this pattern almost
matches with the spectrum observed for(@®) indicating
the possibility of the CgCO)C cluster unit decomposing in
solution into Ce(CO)s during the process of catalysis.

In the case of the spectrum obtained using In catdlystich
behavior is not observed. Instead there appears a new absorption
at 1995 cm! (Figure 9). This spectrum does not have any
common features with the spectrum obtained using(C0)s
catalyst. This observation testifies to the fact that the catalyti-
cally active species in this case is not ay@D) fragment
although there exists some skeletal rearrangements of the basic
Co3(COX)C unit of4. While these studies do not clearly reveal
the type of the arrangement taking placedinthere are clear
indications that the rearrangement during catalysis is a continu-
ous process as evidenced by our time-dependent IR studies of
this reaction mixture shown in Figure 10. For example,
spectrum C recorded after 18 h is considerably different from
spectrum B which was recorded only after 3 h.

In order to further verify the lability of CO ligands in these
three heterosiloxane clusters, which will lead to the skeletal

(41) For the'3C NMR measurements the §&0)C units are enriched
with ca. 20%!3CO. The resonances of the apical carbon atoms could not
be detected in the case of the Ga and In compoGratsd4 probably due

to the line broadening owing to the spiapin coupling with the three cobalt

However, the decrease in the turnover number with concentra-atoms.
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i appear to be any major decomposition and the catalytic process
| mainly involves some continual skeletal rearrangements. The
I mass, IR, and®C NMR spectral studies lend evidence for this

\‘ /‘,‘\ supposition.
c I :
o [ R Conclusion
R I In this paper, we have demonstrated the use of the cobalt
B ‘ X carbonyl cluster anchored silanetriblas the building block

I A NP for the generation of novel group 13 heterosiloxane frameworks
) which are found to be soluble in common organic solvents such
il | as THF. The molecular structure of the aluminosiloxane
A compound determined by X-ray crystallography shows the
“ presence of three different types of #00)%C cluster units
within the same molecule. These heterosiloxanes have been

2200 2100 2000 1900 1800 demonstrated as useful catalysts under comparatively lower
Wavenumbers (cm ) pressures in hydroformylation reactions involving terminal
Figure 10. FTIR spectra of samples dfin catalytic hexane/hexene  Olefins, with a regioselectivity of over 60%. The solution studies
solution (initial charging pressure 70 bar of/80; 1:1): (A) 10 min on various catalytic mixtures indicate a possible decomposition
at room temperature, {83 h at 120°C, (C) 18 h at 120C. of the heterosiloxane cluste?sand3 during the hydroformyl-

ation reactions. In view of these encouraging results, from what
are essentially first generation group 13 heterosiloxane based
molecular cobalt carbonyl clusters, one is inclined to believe

that this synthetic route can prove useful for the design and
generation of hydroformylation catalysts by appropriate modi-

fications.

2.00

Experimental Section

General Data. All experimental manipulations were carried out
under dry nitrogen atmosphere rigorously excluding air and moisture.
The samples for spectral measurements were prepared in a drybox.
Solvents were purified employing conventional procedures and were
freshly distilled prior to use. NMR spectra were recorded on a Bruker
AM 200 or a Bruker AS 400 instrument, and the chemical shifts are

log C

— | - " reported with reference to TMS. The upfield shifts are negative. IR
0 100 200 300 400 500 600 spectra were recorded on a Bio-Rad Digilab FTS7 spectrometer (only
Time /min the strong absorption bands are givéde infra). Mass spectra were
Figure 11. First-order rate plot for the disappearance’30O from obtained on a Finnigan MAT System 8230 and a Varian MAT CH5
the gas phase over a toluene solution of the cluster &€22kqs for mass spectrometer. Melting points were obtained on a HWS-SG 3000
compound4 is 5.4 x 10°6sL, apparatus, and compoun@s-4 do not melt below 200°C. CHN

analyses were performed by the Analytical Laboratory of the Institute
rearrangements of the cluster units, further experiments wereof Inorganic Chemistry at Gtingen.

performed with the aid of mass spectroscopy (eq 2). ¥CD Co(CO) (MERCK-Schuchard), 1-hexene (97%), heptane (spectro-
scopic grade), AlMg GaMe, and 3CO (99.7%) (all Aldrich), and
[003(12CO)9CSiO3E-THF] ot n*co= InMes (Strem) were used as received. ;@O)CSi(OH) was prepared
using the procedure reported by Seyferth and co-worKers.
[CO3(12CO)9,n(13CO)nCSiQE-TH Fl, + n*CO Catalysis Test. All hydroformylation reactions were carried out in

a 300-mL stainless steel autoclave equipped with automatic temperature
filled Schlenk flask at 1 atm, 1 mL of the toluene solution and stirring control. During the reaction process, sampl_es were analy_zed
containing 0.003 mmol of the heterosiloxane is introduced and by gas chromatography and also GC-MS by comparing the retention
stirred at constant temperature (22) under identical condi- time with those of authentic substances. The yields of the aldehydes
tions. From this flask a very small amount of the gas was drawn were based upon the initial quantity of 1-hexene charged. These were
and analyzed in the mass spectrometer for#8©/3CO ratio determined by analytical GC (Varian 3700; column DB5, 30 m; carrier

. L : . gas helium, 20 psi; split 1:100; FID detector) using heptane as an
To avoid the ambiguity of the peak assignments, pe"jlk'm"’lt(:h'ﬂginternall standard. Reactions were run with solutions of 30 mL of

high-resolution techniques were employed. The results of theseygyene and 20 mL of 1-hexene unless otherwise specified. The
studies shown in Figure 11 indicate that the ligand exchange is sojutions containing the cluster and 1-hexene were pressurized at room
faster and facile in the case of In compouhithan that observed  temperature at 70 bar with a mixture of hydrogen-carbon monoxide
for 2 and 3. In fact these mass spectral data results are in (partial pressures: 1:1) and then heated to 420

accordance with th€CO NMR chemical shifts describadde Synthesis of [C@(CO)sCSiOAl-THF] 4 (2). In a two-necked round-
supra We also calculate from this experiment the first-order bottomed flask (50 mL) equipped with a rubber stopper and bubble

rate constant for thCOA3CO exchange process for In catalyst counter,1 (0.52 g, 1.00 mmol) was dissolved in THF (14 mL). To
410 be 5.4x 106 5L, this solution AIMeg (1.00 mmol, 2 mol/L of solution in hexane, 0.5

In summary, it appears from all of the studies described here ML) In hexane (1 mL) was added dropwise during which spontaneous
gas evolution was observed. The progress of the reaction was followed

that in the case of.hydroformylatlon regcnons catalyzgq by the by means of pneumatic gas sampler. After 1 min, approximately 70
Al and Ga heterosiloxanesand3, there is a decomposition of ) of methane had evolved indicating completion of the reaction. The

the C|USteI' Un|ts |nt0 Sma”er fl‘agments The |R StUdIeS |nd|Cate reaction flask of one such run after add|ng hexane kep{3§1°c for
that these smaller units presumably have structures close to thah period of 3 months produced deep-violet square-shaped crystals
of Coy(CO). In the case of the In complex, there does not suitable for X-ray crystal structure analysis. A total yield of the
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crystalline compoun@® was found to be 0.27 g (0.11 mmol, 43%).
Elemental analysis Calcd forsgHs2Al 4C0120s6Sis (2464.3): C, 27.5;

H, 1.3; Si, 5.4. Found: C, 25.5; H, 2.4, Si, 6.1 (the smaller C content
is due to cobalt carbide formation}3C NMR (100.6 MHz, THF€s,
TMS) 25°C: ¢ 199.4 (s, CO); 203.2 (s, CO); 262.2 (8-C). >°Si
NMR (79 MHz, GDs, TMS): 6 —73.6. IR (KBr, Nujol): # 2055
(ss); 1969 (w).

Syntheses of [Cg(CO)sCSIOsE-THF] 4 (E = Ga (3), In (4)). Ina
two-necked round-bottomed flask (50 mL) equipped with a reflux
condenser and bubble count&r0.52 g, 1.00 mmol) was dissolved in
THF (14 mL) and heated to 6@C. EMe; (1 mmol, GaMeg 3 mol/L of
solution inn-hexane, InMe dissolved in 10 mL of THF) was added

J. Am. Chem. Soc., Vol. 118, No. 36, BEsY

P2,/c, a = 1320.6(3) pmp = 3289.4(7) pmc = 2262.0(5) pmp =
104.77(3J, V = 9.501(4) nm?3, Z = 4, pper 1.802 Mg n13, F(000) =
5124,), = 71.073 pmT = 153(2)°C, u(Mo Ka) = 2.220 mnT?, crystal
size 0.8x 0.5 x 0.5 mm, 4 < 20 < 45°, 12661 total reflections,
12402 independent, refinements of 1379 parameters, semiempirical
absorption correction using-scans; large electron density residue: 744
e nnt3, Ry(for F>40(F)) = 0.061 andvR, = 0.168 (all data) witiR;
= YIIFol = Fell/ZIFol andwRe = (XW(Fo* — FA)7 3 W(Fo)?)°%.

The data were collected on a Stoe-Huber diffractometer. The
measurements of the intensities were determined with a cooled crystal
in an oil drop according to thef2w-range?® The structure was solved

dropwise and the solution was heated for an additional 2 h. The solvent by direct methods (SHELXS-9%)and refined using the least-squares

was distilledin vacuoand the product could be isolated quantitatively
in the form of a black violet powder. Further purification was achieved
by cooling a THF/hexane solution of the respective compounds.

[Co3(C0O)yCSiOsGa-THF] 4 (3). Yield 0.63 g (93%). Mp 205C
dec. Elemental analysis Calcd fogd3,C01.GaOs6Sis (2699.24): C,
24.9; H, 1.2. Found: C, 23.5; H, 1.5. MS (ElYz (%)): 217 (5,
CoiCSi), 59 (100, Co). IR (Csl, Nujol)¥ 2106 (w); 2062 (ss); 2038
(s). 'H NMR (200 MHz, GDg): 6 1.25 (m, THF), 3.48 (m, THF).
13C NMR* (62.9 MHz, THF€g) 25 °C: 6 200.6, 202.2, 209.3 (CO).
13C NMR* (62.9 MHz, THFdg) —90°C: 6 201.1, 204.9, 214.8 (CO).
29Si NMR (49.7 MHz, THF/GDg): 6 —63.6.

[Co3(CO)9CSiOsIN-THF] 4 (4). Yield 0.66 g (91%). Mp 215C
dec. Elemental analysis Calcd fogd3,C012N40s6Sis (2879.63): C,
23.0; H, 1.1. Found: C, 22.1; H, 1.6. MS (ElYz (%)): 217 (100,
C0oiCSi). IR (Csl, Nujol): # 2105 (w); 2059 (ss); 2037 (ss}H NMR
(200 MHz, GDg): 6 1.23 (m, THF), 3.44 (m, THF)13C NMR% (62.9
MHz, THF-dg) 25 °C: 6 200.2, 202.0 (CO).3C NMR* (62.9 MHz,
THF-dg) —90°C: ¢ 200.6, 202.6 (CO).?°Si NMR (49.7 MHz, THF/
CGDG): o —62.5.

Crystal Structure Determination. Data for2: [Coz(CO)CSIOs-
Al-THF]s + THF + hexaneM = 2577.47, monoclinic, space group

method onF23° The disordered GHCO)C was refined on two
positions with occupation factors of 0.49/0.51 with the aid of restraints.
In the single uncoordinated THF molecule in the asymmetric unit, the
position of the oxygen atom could not be localized. The hexane
molecule in the lattice was refined using-2 and -3 restraints.
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