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Formation of anionic carbonylrhodium complexes from Wilkinson's complex

under conditions of hydroformylation of formaldehyde
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The compositions and the dynamics of transformations of carbonylrhodium complexes
formed from Wilkinson's complex, RhCI(PPh;);, dissolved in mesitylene— N, N-dimethyl-
acetamide (DMAA) mixtures in which the DMAA concentration varied from 0 to 100 %, in
an atmosphere of synthesis gas (PCO+H2 = 6 MPa, T = 373 K) were investigated in situ by
IR spectroscopy. The anion complexes, [Rh(CO)2(PPh3)x(DMAA)y]' x=1,2;y=1,0)
and [Rh(CO),4]~, which are the centers of formaldehyde hydroformylation, are produced in
noticeable quantities when 100 % DMAA is used as a solvent. Separate steps of the
formation of anionic complexes from RhCI(PPh;3); have been identified. Under the condi-
tions of hydroformylation of formaldehyde, CH,O participates in the formation of the
anionic complexes, along with DMAA.
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Hydroformylation of formaldehyde
CH,0 + CO + Hy — HOCH,CHO, (1)

which occurs at highest rate in N,N-dialky!l substituted
carboxamides in the presence of rhodium complexes and
does not occur in nonpolar hydrocarbon solvents,1—3 is
catalyzed by anionic carbonylrhodium complexes.# The
mechanism of formation of these complexes from their
neutral precursors under the conditions of hydroformyla-
tion of CH,O has not yet been studied.

In the present work we report the results of an IR
study of the in situ generation of the anionic carbonyl-
rhodium complexes, [Rh(CO),(PPh3) (DMAA),]™ (x =
1, 2; y= 1, 0) and [Rh(CO),]~, from Wilkinson's
complex RhCI(PPh;); under the conditions. of hydro-
formylation of CH,O in a solution containing a mixture
of N,N-dimethylacetamide (DMAA) with mesitylene.

Experimental

IR spectra were recorded on a Specord M-80 spectropho-
tometer using an autoclave IR cell.> The cell was heated to
373 K, then a solution of RhCI(PPhy); in a DMAA (0—
100 %, w/w) + mesitylene was introduced into it, and the
synthesis gas was pumped in until a pressure pco+n, = 6 MPa
was achieved. Then the spectra were recorded over a period of
2—3 h at 10—15 min intervals in the region of the vibrations
of carbonyl groups (v 1800—2100 cm™).

31p NMR spectra were recorded on a Bruker MSL-300
spectrometer (121.433 MHz) under anaerobic conditions.
Triphenylphosphine oxide was used as the reference compound.

Wilkinson’s complex was synthesized according to the
known procedure.$

Results and Discussion

Table 1 presents the IR spectra of solutions of
RhCI(PPh;); in DMAA—mesitylene mixtures under a
synthesis gas atmosphere at PCO+H, = 6 MPaand T =
373 K and the assignment of the adsorption bands
recorded. Figure 1 shows the dynamics of the optical
density of the bands observed, which reflects variation of
the concentration of complexes during the reaction of
solutions of RhCI(PPh;); with synthesis gas. It follows
from the data of Table 1 that noticeable quantities
of the anionic carbonylrhodium complexes,
[Rh(CO),(PPh3)(DMAA),I” (x =1, 2; y = 1, 0) and
[Rh(CO),}~, are formed from Wilkinson’s complex un-
der a synthesis gas atmosphere in 100 % DMAA (run 4).
In the absence of amide, RhCl(PPhj), is converted into
only one carbonyl complex, RhCI(CO)(PPh3),, (see
Table 1, run /). When the proportion of DMAA in the
solvent was 20 % (w/w), along with RhCI(CO)(PPhj;),,
the dicarbonyl chloride RhCI(CO),(PPh;) was detected
(see Table 1, run 2). The dynamics of the magnitudes of
optical densities of absorption bands typical of these
complexes indicates that the former complex (sece
Fig. 1, a, curve I) is converted into the latter (see
Fig. 1, a, curve 2). When a solvent containing 50 %
(w/w) DMAA was used, the reaction mixture contained,
in addition to the above-listed carbonyl chlorides, the
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Table 1. The assignment of the absorption bands in the IR spectra of solutions of RhCI{(PPh;); in a

DMAA—mesitylene mixture in an atmosphere of synthesis gas (Pco+n, = 6 MPa, T= 373 K,
[Rh] = 1-10"2g-at L1, the solution of RhCI(PPh;); was treated with synthesis gas for 2 min)
Run [DMAA] in v/em™! Complex Reference
a solvent
(%, w/w)
1 0 1976 s (CO) RuCI(CO)(PPhs), 1
2 20 1976 s (CO) RhCI(CO)(PPh;), 1
1938 m (CO); 1985 s {CO) RhCI(CO),(PPhs) 7

3 50 2044 w (CO); 1986 m (CO); [Rh(CO),(PPh3),(DMAA), ], 8
1832 w (CO(p)) (x=1,2,y=1,0
2040 w (Rh—H); 1980 m (CO); RhH(CO)z(PPhg,)Z 2,9
1938 m (CO)

4 100 1900 v.s (CO) (Rh(CO)4]~ 2
2044 w (CO); 1986 m (CO); [Rh(CO),(PPh3),(DMAA),1, 8
1832 w (CO(w)) x=1,2y=10
2040 w (Rh—H); 1980 m (CO); RhH(CO)Z(PPh3)2 2,9
1938 m (CO)
1990 m (CO); 1932 5 (CO) [Rh(CO),(PPh3) (DMAA), ]~ 10

x=1,2y=10

1820 v.w (CO(w)) Rhg(CO) (¢ 9

disubstituted hydrocarbonyl RhH(CO),(PPh;), and the
dimer [Rh(CO),(PPh;),(DMAA),], (sce Table 1, run 3),
which are probably produced from the carbonyl chlorides.
This is indicated by the fact that the concentrations of
RhH(CO),(PPh3), (vRhH 2040 cm™1) and
[Rh(CO),(PPh3),(DMAA), I, (vCO(n) 1832 cm™1)
increase and those of RhCI(CO)(PPh;), (vCO
1976 cm™) and RhCI{(CO),(PPh;) (vCO 1938 cm™1)
decrease in the course of the reaction (see Fig. 1, b).
In pure DMAA, RhH(CO),(PPh,), and
[Rh(CO),(PPh3),(DMAA),], are converted into
the anionic carbonylrhodium complexes
[Rh(CO),(PPh3) (DMAA),]™ and [Rh(CO),]™ and the

a b
D
0.5+ 05
‘\0—&._‘ 7
03l

cluster Rhg(CO) 4 as the reaction proceeds, the concen-
trations of the hydrocarbonyl and the dimer decrease
(see Fig. 1, ¢, curves 3 and 4), and those of the anions
and the cluster increase (see Fig. 1, ¢, curves 35, 6,
and 7).

The transformations occurring between the com-
plexes detected in the pure amide are apparently revers-
ible, since after the removal of the synthesis gas from the
resulting mixture of the carbonylrhodium complexes (to
a residual pressure of 0.1 MPa), the solution contains at
293 K only the [Rh(CO)(PPhs),], complex whose treat-
ment with synthesis gas at 373 K results in the recovery
of the starting system. The [Rh(CO)(PPh;),], complex

01r 0.1-0//,0/"’4 01f X *Z
%ﬂ—:;o
! i 1 L * - --%3
5 10 5 10 5 10 t/min

Fig. 1. Dynamics of the optical density (D) of the absorption bands corresponding to the carbonylrhodium complexes in their IR
spectra recorded during the reaction of RhCI(PPhj); with synthesis gas in a DMAA—mesitylene mixture (Pco+H, = 6 MPa, T =
373 K, [Rh] = 1-1072g-at L™1). The contents of DMAA are 20 %, w/w (a); 50 %, w/w (b); and 100 %, w/w (c) The absorption

bands, v/em™l: I, 1976 (RhCI(CO)(PPhsy),); 2,

1938 (RhCI(CO),(PPhy)); 3, 2040 (RhH(CO),(PPhj),); 4, 1832

([Rh(CO),(PPh3) (DMAA),l2); 5, 1932 ([Rh(CO)»(PPh3)(DMAA),I7); 6, 1900 ([Rh(CO)4]7); 7, 1820 (Rhg(CO)y4).
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was identified by 3!P NMR and IR spectroscopy; the IR
spectrum exhibits an absorption band with v 1974 cm™},
and the 3P NMR spectrum contains only one signal,
which is a doublet (5 4.24, Jp_gy, = 129 Hz) that
corresponds to the spectroscopic characteristics of the
authentic sample.

The sequence of transformations of the carbonylrho-
dium complexes established together with the literature
data11-13 make it possible to represent the process of
the formation of the [Rh(CO),(PPh3) (DMAA),|~ an-
ionic complex from RhCI(PPh;);, CO, and H, in the
presence of DMAA according to Scheme 1, which in-
volves carbonylation of the starting complex to give
mono- and dicarbonyl derivatives (I and 2, respec-
tively), subsequent dechlorination* to yield hydrocarbonyl
3, and its reversible deprotonation to give anion 5. The
RhH(CO),(PPh;), hydrocarbonyl exists in equilibrium
with dimer 4.

[Rh(CO),]~ is most likely formed from the unmodi-
fied rhodium hydrocarbonyl, which is known? to exist in
equilibrium with RhH(CO),(PPh;),. This hydrocarbonyl
probably acts as the reagent in the preparation of
Rhg(CO)4 (see Ref. 9).

j——

12 550 2 Rhg(CO)1e  (2)

12 RhH(CO), -_E:—I-T 3 Rhy4(CO)
—6hz

One may assume that all of the steps of the forma-
tion of the anionic carbonylrhodium complexes from
RhCI(PPh3);, CO, and H,, except the formation of
monocarbonyl chloride 1, involve intermediate transfor-
mations in which DMAA participates, since their occur-
rence depends on the presence and the contents of the
amide in the reaction mixture (see Table 1).

DMAA is known! to form coordination bonds with
Rh atoms. It has been shown by 3'P NMR spectroscopy
that the presence of DMAA in the coordination sphere

* A dechlorination route involving no H, to give dimer 4 is
also probable. This was observed when RhCl(PPh;); was treated
with CO in a solution in pure amide at p = 3 MPaand 7 =
373 K.

3 DMAA
e3>
—Ht

HC!
2

4

[Rh(CO),(PPhy) (DMAA) ]~
5

x=1,2,y=0,1)

of rhodium results in weakening of the Rh—PPh; bond.
This is indicated by the lower spin coupling constant of
the doublet signals recorded in the spectrum of a solu-
tion of RhCI{(PPh;),(DMAA) in amide (Jp_g;, = 89 Hz)
compared to the spin coupling constant exhibited in the
spectrum of a solution of RhCI(PPh;); in CDCl;
(Jp_grn = 121 to 185 Hz for various signals). Taking
this into account one may suggest that the transforma-
tion of rhodium monocarbonyl chloride into dicarbonyl
chloride 2, which requires the removal of PPh; from the
coordination sphere of rhodium, involves an intermedi-
ate incorporation of the amide into the coordination
sphere of Rh, which decreases the strength of the
Rh—PPh; bond.

The dechlorination and deprotonation steps yielding
compounds 3 and 4, respectively, probably occur vig an
intermediate complex with DMAA too. In fact, under
conditions interfering with the coordination of amide,
for example, when excess PPh; is introduced in the
reaction mixture (P/Rh > 50 g-at/g-at), RhCI(PPhj;); in
a DMAA solution in an atmosphere of synthesis gas
gives only RhCI(CO)(PPh;), and RhCi(CO),(PPhs),
and RhH(CO),(PPh;), produces no anionic
rhodiumcarbonyl complexes (which was confirmed by
special experiments). .

Thus, one may infer that the formation of anionic
rhodiumcarbonyl complexes from RhCI(PPhs); in an
atmosphere of synthesis gas in the presence of DMAA,
i.e., under conditions of hydroformylation of formalde-
hyde (in the absence of the substrate), involves incorpo-
ration of the amide into the coordination sphere of
rhodium in various steps including deprotonation of
rhodium hydrocarbonyl. Owing to its basic properties,
the amide obviously binds the proton during
deprotonation, thus stabilizing the anionic complexes.

As can be seen from Fig. 2, the formation of the
anionic carbonylrhodium complexes from RhCI(PPhs);
under the conditions of hydroformylation is intensified
by formaldehyde: the concentrations of
[Rh(CO),(PPh3) (DMAA),]~ and [Rh(CO),4]™ achieved
in the presence of CH,O are higher (the intensities of
the absorption bands at 1932 and 1900 cm™} are higher)
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Fig. 2. The optical densities (D) of the absorption bands of
[Rh(CO)4]~ (1), [Rh(CO),(PPh3)(DMAA),I™ (2), and
RhH(CO),(PPh3), (3) in the IR spectrum of a solution of
RhCI(PPh3); in DMAA after treatment with synthesis gas for
2 min at pco+n, = 6 MPa and T = 373 K in the absence (2)
or in the presence (b) of CH,O.

than those attained in the absence of CH,O, the dura-
tion and the conditions being the same.

It is noteworthy that the formation
of the anionic carbonylrhodium complexes,
[Rh(CO),(PBus3),(DMAA),]” (vCO 1905 and

1974 cm~1)4 and [Rh(CO),]~, from RhCl(CO)(PBuy),
dissolved in amide in an atmosphere of synthesis gas
occurs at a noticeable rate only in the presence of
CH,0.

These data indicate that formaldehyde participates,
along with amide, in the formation of anionic complexes
from the neutral precursors. However, it should be
noted that the crucial role is played by amide: when
CH,O and no DMAA is present, neither RhCl(PPhj),
nor RhCI(CO)PBu,), give the anionic complexes.

Similar properties, i.e., the ability to coordinate to
the Rh atom and to bind a proton, are also exhibited by
amines and phosphine oxides whose addition to the

hydroformylation system also results in the formation of
anionic complexes from neutral precursors, and reaction
(1) occurs at a noticeable rate.2:15 However, the use of
these compounds as additives to the hydroformylation
catalyst is undesirable, unlike the use of N,N-dialkyl
carboxamides, since their presence accelerates the side
reaction, viz., condensation of CH,O with glycolaldehyde
to give polyoxyaldehydes.
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