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The cobalt-catalyzed hydroformylation of alkenes by HCo(0O)
based systems is of significant industrial importahcé/hen
modified phosphine donors are included, improved linear to
branched product ratios can be obtaiRdgarly studies by Heck
and Breslow suggested aldehyde production occurs via a reaction
sequence involving a monohydride precursor that ultimately yields
a metal acyl intermediate which in turn eliminates the aldehyde
after H, addition? The detection and characterization of key species
in this process has proven to be a complex process; examples of
cobalt acyl and alkyl resting states have been isolated.

We recently demonstrated the benefits of using allyl complexes
as precursors in mechanistic NMR investigations of iridium-
catalyzed hydroformylation reactiohddere, we report on inves-
tigations using the cobalt-based allyl complex, €%CsHs)(CO),-
(PCy) 1. We show that NMR spectroscopy, in conjunction with
para-hydrogerf provides direct evidence for each of the previously Figure 1. ORTEP diagram for Ca-CsHs)(COR(PCys) 1. Ellipsoids
proposed steps in hydroformylation cataljsand allows the drawn at 50% probability level.
detection of linear and branched cobalt acyl intermediates in Scheme 1. Transformations Accounting for the p-H,-Enhanced

addition to the corresponding aldehydes. These species are visibleyr signals Seen for the Sites Where the Protons Appear in Red
through the organic components of the ligands rather than the more —

usual hydride signals. ooy EG e i - ,
Complex1 was obtained by the addition of 10 equiv of allyl- e [l )I@,_’}m —-1 ‘gm]_?“? :I
bromide to Co(CQNa at 273 K in THF, followed by the addition e /
of 1 equiv of the phosphine at 295®.Crystals of1 suitable for Y ‘“ I
X-ray crystallography were obtained from toluene at room tem- [m{ﬂ 4 "‘[Cﬂ_ L fea
perature. The structure of this complex, shown in Figure 1, is similar ‘iiﬂ \C/ ou
to that of the previously reported triphenylphosphine anal®god \ )
corresponds to a piano-stool with a cappiffeallyl ligand. NMR E‘lcomﬁ\m ] feel e, C\
and IR data forl are provided in the Supporting Information. “‘” Bn
When adg-toluene solution ofl was placed under 3 atm of pure s L CO/ ]
para-hydrogen p-H,) at 363 K and the reaction monitored Bt o.cf!“—m’ﬂ A P
NMR spectroscopy, strong antiphase signals corresponding to the sl 16 dectm e s
organic products, propene and propane, were observed. This o?[“ o= eo
confirms thatl undergoes kKaddition, either by losing a ligand or #or y co B
undergoing anm®—n* allyl rearrangement, and that the resultant o l \w-ﬂz |
dihydride forms a propene hydride complex via transfer of a metal - / c"\
hydride to the allyl terminus, as shown in Scheme 1; such steps S i K 0
have been observed previou8yThe observation of th@-H,- T ,C‘H*C‘Hl” el enge
enhanced NMR signals for propene, however, reveals that the OCT ‘E it i 30.-,}“2 o H,
Co(CO)(PCy)(propene)(H) species undergoes reversible hyeride oc’"TH" Brached /\fﬁ“ 5o o=c
alkene insertions to place two hydrogen atoms from a sipdfe e S 03¢ Liner oo.J{ o
; . f 4 K 00— steB . e
molecule into the alkene; the spectral features of the propene require G g(co Foy,
exchange to incorporafeH; into all of the available proton sites. site A ' ’

The trapping of the corresponding cobalt alkyl intermediate with a
second Hmolecule and subsequent reductive elimination accounts enhanced signals for propane, but complexvas still rapidly
for the enhanced propane resonances. consumed and the formation of the known complexes Co(H}CO)

To confirm whether the hydride migration to the allyl terminus  (PCys) and Co(H)(CO)PCys), indicated® This suggests that
is reversible, a sample df was placed under a 1:2 mixture of  Co(COY(PCys)(propene)(H) is unable to re-form the initial dihy-
propene ang-H,. *H NMR spectra recorded at 363 K then revealed dride allyl complex.

t University of York. Prigr to exgmining the hydroformylation activity @f a control

* Sasol Technology. experiment with CO was undertake®P{*H} NMR spectroscopy
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Figure 2. 'H spectrum of als-toluene solution containingjin the presence ars 20 265 200
of CO andp-H; at 373 K with key resonances indicated=branched and Temperature (K}
| = linear aldehyde). Figure 3. Plot of the relativep-Ha-based NMR signal intensities for species
3, 4, and the corresponding aldehydes as a function of temperature for
revealed the liberation of P(;ywh”e the 1H NMR Spectrum samples ofl reacting in toluene with 3 atm of a 2:1 mixture of CO angd H

(Note, blue¢ data obtained for & signal, measured using normal methods

) - 3 .
confirmed the formation of a new3-allyl complex, which was when the thermally polarized state was visible.)

subsequently identified as GafC;3Hs)(CO).1 At 363 K, 15% of
1 was converted to Cgg-C3Hs)(CO)s.

When adg-toluene solution ofl was placed under 3 atm of a
1:2 mixture of CO and Klat 363 K, the correspondingd NMR
spectrum showed much weakeH,-enhanced signals for propene
and propane. In addition, five ngwH,-enhanced signals were also
detected in clear regions of the spectrum &t57, 3.22, 0.92, 0.80,
and 0.72 (Figure 2). The corresponding COSY spectrum connected
the 6 3.22 signal (tJuyu = 7 Hz) to thed 0.92 (t,Juny = 7 Hz)
signal and a new resonancedal.67 (sextetJyy = 8 Hz), which
was masked by the phosphine. These data confirm that a linear
CH,CH,CHjs group has been formed with protons frgat, being
placed on all three of the carbon centers. WhéH{&'P} spectrum
was recorded, the signal &t3.22 simplified due to removal of a
singleJpy coupling of 3 Hz from &P center which resonatesdt
62.0. COSY confirmed that the addition&#f signal até 3.57
(septetJyy = 8 Hz) coupled to a signal @t1.20 (d,Jun = 8 Hz),
which indicated that a CH(C§ group was formed. When this
reaction was repeated witfCO, both of the terminal alkyl proton
signals showed addition&C splittings that arose froA¥C signals

that appeared al 235.6 and 240.9, respectively. Since both the ~ SuPporting Information Available: X-ray data forl, NMR data
latter resonances exhibited doublet multiplicities dué'®-13C and experimental procedures (CIF, PDF). Crystal datd f0Cy3Hss

couplinas — 39.3 and 40.5 Hz, respectively), their origin as CoOP, FW 436.4_3,.yellow blocks, crystal dimensions 0:3D.24 x
metgl a%ylog(;oups trans to a single pﬁosphin)(/a) ligand Wgcls\s (:on-o'14 mm, monoclinicP2y/n, a = 10.4726(8) Ab = 15.4811(12) A,

X e ) ; c=13.8229(11) Ap = 92.511(2}, V = 2238.9(3) R, Z = 4, u(Mo
firmed. The corresponding species are, therefore, CO(C@.B'H Ko) = 0.853 mm?, T = 115(2) K, 17 426 reflections collecteR(int)
CH)(CO)(PCys) 3 and CO(_COCH(_C!@Z)(CO_MPCW) 4. In view = 0.0247. This material is available free of charge via the Internet at
of the fact thaB and4 contain PCy, it is possible to conclude that http://pubs.acs.org.

1 reacts initially with H via CO loss. The remaining-H,-enhanced
resonances ad 0.80 and 0.72 were shown to arise from the References
aldehydes CH(O)CH(C#), and CH(O)CHCH,CHs, respectively. (1) (a) Beller, M.; Cornils, B.; Frohning, C. D.; Kohlpainter, C. \ALMal

The p-H,-enhanced NMR signals & and4 can be accounted Caial A 1095 104, 17-85. (b) Dwyer, C.; Assumption, H.; Coetzee, J.;
for by the reversible hydride transfer processes illustrated in Scheme géaguse, C.; Damoense, L.; Kirk, Sy 2004 248 653

1; the signals seen for site B correspond to directly formed linear () ni . ith
product, while those seen for site A arise via relinearized branched WS
intermediates which can also react to gie (3) Heck, R. F.; Breslow, D. Sinsiaumiismmmaind 961, 83, 4023-4027.

When this reaction was observed at different temperatures using (4) (2) Heck, R. F i d 963 85, 651-654. (b) Heck, R. F.;
. fand a CO: tio of 1:2. the si f Breslow, D. S#d%z 84, 2499-2502. ]
a Cor!Stant concentration &fand a ‘Hratio of 1:2, the S'Z_e 0 (5) Godard, C.; Duckett, S. B.; Henry, C.; Polas, S.; Toose, R.; Whitwood,
the signals due to the aldehydes, propene, and propane increased _ A. C. issitmiSanaiey °004 1826-1827. ) )
(6) (a) Bowers, C. R.; Jones, D. H.; Kurur, N. D.; Labinger, J. A.; Pravica,

These reactions were then repeated at 378 K, and the CQ to H
ratio varied across the series 4:1, 1:1, 1:2, and 1:3. The relative
strength of the NMR signals &relative to those oft now proved
to be minimized at a CO:ftatio of 1:2; this also corresponded to
the point of highest linear aldehyde selectivity.

Here, we have shown that the utilization of the PHIP effect allows
the mapping of the hydroformylation reaction of a cobalt catalyst
modified with PCy. The detection of reaction intermediates that
do not contain a hydride ligand via enhanced signals within the
organic ligand framework proved possible. In addition, the high
signal strengths enable the hydroformylation products themselves
to be monitored at very early reaction times. We expect this
extension of theara-hydrogen approach to become applicable to
the study of a wide range of catalytic reactions. We are currently
using it to probe how the ligand sphere influences the reactions of
modified and unmodified cobalt hydroformylation catalysts.
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with increase in temperature. Figure 3 summarizes these variations. M. G. Weite 14, 269. (b) Natterer,
A series of 1D EXSY experiments were then completed to test for J.; Bargon, Jy 315.
magnetization transfer fro®or 4 into the corresponding aldehydes. (3‘2 %Ekgzn_ ' (“fj')Bb’uscfé%’ 'S'B.; Blazina, §88§
None was observable on the NMR time scale. The enhanced NMR 2901-2912. ~ _ _
signals seen for the two aldehydes, therefore, require the corre- () ?é%'gscl’g' 523?71;;}5'_3” Ke, M.; Johnson, J.; Deacon, CREkEaED
sponding 16-electron intermediates, Co(CQCH,CHjz)(CO),- 28% (Ri)nze,dP. V.; Muller, U ghaiamgr 1979 112 1973-1980. )
9) (a) Cedeno, D. L.; Weitz, <2003 22, 2652-2659.
(PCy;) and Co(COCH(CH)2)(CO). (PCys), to be trapped by K Tuip, T. H.. Ibers, J. A 4979 101, 4201-4211.
(which leads to rapid aldehyde elimination) rather than CO (which (10) Wood, C. D.; Garrou, P. 81984 3, 170-174.
leads to3 or 4). The variation in the observed product ratios reflects ~ (11) Heck, R. F juiuuilissmpd 968 90, 317-319.
a higher linear aldehyde turnover at higher temperature. JA0434533

J. AM. CHEM. SOC. = VOL. 127, NO. 14, 2005 4995


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja0434533&iName=master.img-002.png&w=179&h=100
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja0434533&iName=master.img-003.jpg&w=153&h=119

