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Abstract

This paper deals with the synthesis of rhodium(l) Vaska-type complexes of the generatdosifRh(CO)X(PXs)] (X = halide, X aryl
or alkyl substituent) when incorporating tertiary phosphine ligands and illustrates their simple application as probes to evaluate steric and
electronic effects, specifically in tertiary phosphine ligands, analogous to the Tolman model. They are easy to prepare and do not exhibit the
toxicity as the corresponding nickel complexes, while structural and infrared data can be conveniently utilised to estimate ligand properties
with relative ease. These Vaska-type complexes are often obtained as by-products when reagtir@ ®&I@),], with bidentate ligands
in non-stoichiometric amounts, thus yielding unreacted dimer, which, upon addition of the tertiary phosphine, quantitatively converts to the
Vaska-type complex. A representative summary of rhodium(l) Vaska-type systems is reported and structures correlated with steric and elec-
tronic properties of related literature complexes. Selected aspects of reactions of the corresponding arsine and stibine analoguegiare illustrate
and solvent effects on equilibrium behaviour as well as the iodomethane oxidative addition described.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Firstly, the electronic character of the M—P bond is a
combined effect of thesr bond formed by donation of
A well-known early organometallic complex;ans-[Ir- the lone pair electron from the P to the M atom and sec-

(CO)CI(PPR),], which was first reported by Angoletta ondly by the ability of the P ligand to accept electron
[1], and later correctly formulated by Vaska and DiLuzio density from the metal by back-donation into a combi-
[2], is known to exhibit catalytic activity. Interestingly nation of the empty 3d-orbitals ang*-orbitals of the P
enough, at that time the rhodium analogue was alreadyatom [21]. A second factor influencing the coordination
known [3] and was investigated to some extgdl. It is of a ligand is the spatial demand, or steric size, associ-
thus ironic that today, complexes with the general for- ated with the specific ligand. In order to rationalise certain
mula trans-[M(CO)CI(L)2] (M =Rh(l), Ir(l); X =halide parameters, such as steric bulk and electron-donating ca-
or pseudo-halide; k= neutral ligand) are still in many in-  pability, for ligands with no or very little data available,
stances known as analogues to Vaska's comfes], in it is important to cross-reference to other well-known
spite of the important earlier contributions in this regard by ligand systems, ensuring that all ligands employed are
Chatt and co-workers. Nevertheless, the Vaska-type com-compared on an identical scale. The diversity of tertiary
plexes are typical of those studied by Chatt, which enabled phosphines in terms of their Lewis basicity and bulkiness
the application of theories that has been developgd render them excellent candidates to tune the reactivity of
These @ square-planar systems undergo a range of reac-square-planar complexes towards a variety of chemical
tions, such as oxidative addition, with different substrates processes, such as oxidative addition and substitution re-
[5] and were recognised as important model systems for actions[22]. A widely quoted parameter to indicate Lewis
studies on homogeneous catalysis. The rhodium complexesasicity of tertiary phosphines is theKgH,O) value
are more resistant towards oxidative addition than their thereof, which is a measure of the Bransted basicity. In
iridium counterparts, and this was believed to be linked general, substituents with better electron-donating capabili-
to the steric crowding, especially when employing bulky ties will increase the Lewis basicity of the phosphine, while
tertiary phosphine ligands, thus hindering the nucleophilic electron-withdrawing substituents increase thecceptor
attack of the metal to a substrate molecule. Earlier work ability.
by Wilkinson [8-10] explored several aspects regarding In order to evaluate the electronic characteristics of a
the steric and electronic properties of the Rh(l) analogues, specific ligand, one needs a probe, related to electron den-
but definite crystal structural confirmation of the reaction sity in some way, that can be measured conveniently and
products could not be achieved. is sensitive to changes induced in the system by the spe-
While organometallic complexes containing tertiary phos- cific ligand. The effect of tertiary phosphine ligands with
phine ligands were extensively studied, the analogous arsinedifferent electron-donor and -acceptor capabilities was illus-
and stibine complexes received very little attention. As a trated by Tolman{23] by measuring, in CbCl, medium,
consequence, basic parameters that are well established fothe CO-stretching frequency of theans carbonyl group
phosphine ligands have not been extended to include thesdn Ni(0) complexes of the general formula [Ni(C§P)Rs].
ligand systems. Thus, in this paper, some aspects of the elecThese measurements gave a good indication of the relative
tronic and steric properties of arsifiel—13]and stibing14] ‘electronic trans influences’ of the various phosphine lig-
ligands are reported. ands. Tolman also found that in this specific system, the
Selected aspects of novel phosphine ligands, and sub-electronic measurement was independent of the steric size
stituent effects of, e.g., the ferrocenyl fragment, as mani- of the phosphine ligands, a very important factor to keep in
fested in the PPiic ligand[15-18] are also noted. Since  mind. Several additional ways of evaluating the electronic
not many crystallographic studies on stibine systems haveproperties of phosphine ligands are described in the litera-
been reported to daf&9], in this account, special emphasis ture, e.g., the quantitative analysis of ligand effects (QALE)
is placed on the structural characterisation of the complexes,has been extended and developed significantly by Prock and
specifically by detailed crystallographic investigations, as co-workers[24]. Further methods include NMR measure-
well as the solution equilibria involved in their preparation ments[25] of first-order Pt—P or P—Se coupling constants, or
and isolation. It was also of interest to discuss the solu- by measuring the CO-stretching frequency of the rhodium
tion and solid-state structural effect of arsine and stibine analogues of the Vaska complexeg$COgrn), in solution
ligands on the oxidative addition reactions of their respec- [26].
tive rhodium(l) Vaska-type complexg¢&3]. Thus, selected The rhodium(l) Vaska-type complexes render themselves
aspects addre$20] and outline steric implications of anal- as excellent candidates for such a study and several in-
ogous Group 15 donor ligands (P, As and Sb)—including vestigations of this nature have been reported beffog
the incorporation of methyl substituents on the phenyl rings The advantages of using these complexes include their
of these ligandsp- Tol = para-tolyl; 4-methylphenyl), which ease of synthesis, safety, and high degree of stability.
results in interesting isomorphic structures. Furthermore, the CO-stretching frequency is easily identi-
Two main aspects are involved in the coordination fiable and gives a sensitive measure of the ‘electraisc
of tertiary phosphine ligands to transition metal atoms. influence’ of the ligands employed. An extensive range
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of complexes prepared is thus discussed in order to con-2.2. Cone angle calculations
struct a database from which a correlation is possible to
gain some insight into the characteristics of the As and Sb  Calculations of the cone angles were done based on the
ligands. Tolman mode[23], but using the actual Rh—Yfbond dis-
This paper, therefore, reports representative rhodium(l) tances (Y=P, As, Sb) and angles determined in the crystal-
Vaska-type complexes and selected reactions, as primarilylographic studies, i.e., the effective cone angtes,in this
studied by our group. It does not intend to cover other metal case[17,38] Bond distances of 0.93 A were assumed for
centres or other reactions studied previously, but simply il- the aromatic C—H hydrogen and a van der Waals radius of
lustrates the use of these complexes for the estimation of1.2 A for hydrogen was used in all the calculations.
electronic effects, and describes some aspects of the solution There are different examples of calculating the steric bulk
behaviour of these systems. for specifically tertiary organophosphingz3,39,40] and
the review article by Minas de Pidade and co-worKddq
particularly describes aspects in great detail. For simplicity
2. Experimental aspects and since it is widely applied, the Tolman mod28] was
chosen for the work described in this paper.
2.1. General

For experimental procedures utilised in investigations 3. Steric effects from structural studies on rhodium(l)
covered by this paper, i.e., synthef7,28], UV-vis spec- Vaska-type complexes
trophotometry[29], kinetic analyseg§30], IR/NMR spec-
troscopy[31] and X-ray crystallographj32], the reader is Representative Vaska-type complexes of the general form
referred to the earlier work. The data for the crystal struc- trans-[Rh(CO)CI(P)Xg)2] as obtained from the Cambridge
tures reported herein were solved using standard technique<rystallographic Databaqd9] are reported irifable 5in
and details are reportd83—36] All IR data reported were  Appendix A Except for thetrans-[Rh(CO)(1)(PX3)2] [42],
collected in chloroform or dichloromethane unless other- there were no reports found on other simple rhodium(l)
wise stated. Vaska-type complexes with other halides, i.e., with anal-
In general, the Vaska-type complexes of rhodium(l) con- ogous bromo of fluoro ligands, that has been structurally
taining phosphine and arsine ligands can be conveniently characterised.
prepared by reacting the rhodium carbonyl chloride din-  Selected examples of rhodium(l) Vaska-type com-
uclear complex, [Rh(-CI)(CO)]2, with at least 4 equiv- plexes, illustrating the square-planar geometry around the
alents of the appropriate ligand. In some cases, if very rhodium(l) atom, are shown iRig. 1
soluble complexes are being formed (typically when using  In Fig. 2is shown an example of an ‘aliphatic’ phosphine,
ligands containing alkyl substituents), the reaction medium as well as a dinuclear complex containing a Vaska-type frag-
should be adjusted accordingly to ensure easy isolationment. In these structures, thrans orientation of Group 15
of the desired product without contamination by excess donor ligands, as well that of the CI-Rh—CO moiety is ob-
ligand. vious. Selected geometrical parameters for a few selected
Practical problems are associated with studying Sb compounds discussed in this paper are reportethbie 1
systems such as the resulting uncertainty with regard to The dinuclear complex shown iRig. 2(b) illustrates that
elemental analysis reported previously, as well as NMR Vaska-type fragments can also form under favourable cir-
spectroscopy wherein only poorly resolved proton signals cumstance$44]. A list of dinuclear complexes containing
(antimony has two NMR-active isotopdss 5/2 (57%) and rhodium(l) Vaska-type fragments are thus reportedable
712 (43%), respectively37], introducing quadrupolar ef- 6 in Appendix A
fects) are observed. Moreover, since in this rhodium system The molecular structure of thans-[Rh(CO)CKAs(p-
the stibine ligands are associated with exchange dynamics,Tol)s}2] complex is shown irFig. 1(c), and is isomorphous,
and thus NMR could only be used to a limited extent, X-ray and thus virtually identical, to the p{Tol)s analogug20].
crystallography enabled the unambiguous characterisationlsomorphism often occurs in these complexes, although def-
of different complexes. inite differences, resulting in a range of polymorphs, have
Detailed procedures for the selective preparation of been observe{b9]. The Y({p-Tol)s complexes (Y=P, As)
the complexes involving the Sbphligands, to selec- are of the few structurally characterised Vaska-type com-
tively isolate both the red five-coordinate and the yellow plexes not showing a disorder along the carbonyl/chloro axis.
four-coordinate complexes, have been descriddd. It is The YRs(1)-Rh-YRs(2) bond angles for a range of these
clear that five-coordinate complexes of rhodium are eas- are 175.69(4)and 175.67(4)for As(p-Tol)s and Pp-Tol)s,
ily formed when utilising stibine ligands and knowledge respectively, which is significantly smaller than 18@n-
of the solution behaviour is imperative to manipulate the abling them to crystallise in the non-centrosymmetric space
equilibria in such a way as to favour the formation of the group, Pna2;, and resulting in ‘crystallographic enan-
four-coordinate complexes. tiomerically pure’ complexes. The basic geometry of the



124 A. Roodt et al./Coordination Chemistry Reviews 245 (2003) 121-137

©

Fig. 1. Diamond drawings of (djans-[Rh(CO)CI(PPhFc)] (Adapted from Ref[43], Copyright: Elsevier, with permission) (Ians-[Rh(CO)CI(AsPh),]
(Adapted from Ref[43], Copyright: Elsevier, with permission) (t)ans-[Rh(CO)CKAs(p-Tolx}2] (Adapted from Ref[13], Copyright: Royal Society
of Chemistry, with permission) and (djans-[Rh(CO)CI(SbPh)2] (Adapted from Ref.[14], Copyright: Elsevier, with permission) (30% probability
ellipsoids; hydrogen atoms omitted for clarity).

molecules, however, stays unchanged. The Flack paramefor selected comparison). This spans a range of differ-
ters are zero within experimental error, indicating that the ent metal centredalong the group, Rh(l) and Ir(l), as

correct stereochemical isomer was refined. well as the period and oxidation states of the metal cen-
As described earlier[20,32] trans-[Rh(CO)CKP(p- tre: Ir(l) to Pt(ll), the ligands (P and As as donor atoms)

Tol)s}2] is isomorphous terans-[Rh(CO)CKAs(p-Tol)s } 2], and combinations of CO, Cl, and GHrans to one an-

and they in turn are also isomorphous toans-Ir- other}, and is quite novel. In the case of the corresponding

(CO)CKP(p-Tol)z}2] [20], trans-[Pt(CH3)CI{As(p-Tol)3} 2] [Rh(CO)(CI)(YPh)2] complexes (Y=P, As, Sb), similar
[45] andtrans-[Ir(CH3)CO{P(p-Tol)3}2] [46] (seeTable 1 isomorphism is not observdd7].

Fig. 2. Diamond drawings of (a)trans[Rh(CO)CI(P(NMe);)s] (Adapted from Ref. [43], Copyright: Elsevier, with permission) (b)
[Rh(CO)(PPB)(i.-RRtu)Rh(CO)(PP$),] (Adapted from Ref[44], Copyright: Royal Society of Chemistry, with permission) (30% probability ellipsoids).
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Table 1
Comparison of selected bond and spectroscopic dateans-[Rh(CO)(CI)(L),] (n=2 or 3) complexes
Complex Rh-YR Rh-CI (A)  v(CO) Rh-CO c-0 (A Y-M-Y Tolman cone  Reference
A) (em™1) A ©) angle of YR
[Rh(CO)(CI)(PPh)] 2.322(1) 2.382(1) 1979 1.77(1) 1.140(2) 180.0(1) 145 [48]
[Rh(CO)(CI)(PCy)2] 2.3491(7) 2.388(2) 1943 1.748(8) 1.163(7) 180 170 [24]
[Rh(CO)(CI)(PPhFc),] 2.3344(14) 2.415(7) 1970 1.814(14) 1.056(14) 180 155 [43]
[Rh(CO)(CI{P(NMe2)s}2] 2.3426(7) 2.443(7) 1964 1.731(9) 1.15(2) 180 168 [43]
[Rh(CO)(CI{P(p-Tol)3}2] 2.333(2) 2.3581(12) 1976 1.798(5) 1.139(6) 175.67(4) 145 [20]
[Rh(CO)(Cl)(PTAMe}] ™ 2.344(2) 2.3655(12) 1976 1.798(5) 1.139(6) 175.67(4) 118 [49]
[Rh(CO)(CIXBabar-Phok;] - - 1991 - - - 128 [55],tw?@
[Rh(CO)(CI{As(p-Tol)z}2] 2.4120(10) 2.347(2) 1973 1.788(10) 1.139(10) 175.69(4) 140 [13]
[Rh(CO)(CI)(AsPh)2] 2.4226(4) 2.3538(14) 1975 2.017(7) 0.717(7) 175.97(6) 140 [43]
[Rh(CO)(CI)(SbPB)2] 2.5655(2) 2.315(3) 1971 1.797(13) 1.175(13) 180 135 [14]
[Rh(CO)(CI)(SbPB)3] 2.5981(5) 2.4094(18) 1971 1.875(7) 1.035(6) 119.97(2) 135 [14]
[Rh(CO)(1)(SbPh)3] 2.5962(4) 2.7159(8) 1978°¢ 1.825(6) 1.153(6) 180 135 [50]
[Rh(CO)(COCH)(SbPR)s] 2.568(2) - 1710 1.911(20) 1.121(25) 120.0(1) 135 [51]
[IrCI(CO)(PPh)2] 2.330(1) 2.382(3) 1950 1.791(13) - - 145 [51,52]
[IrCI(CO){P(p-Tol)s}2] 2.331(2) 2.364(2) i 1.817(8) 1.134(10) 175.19(2) 145 [53]
[IrCI(CO)(PCys)2] 2.345(2) 2.398(7) 1934 1.78(2) 1.10(2) 180 170 [54]

aThis work, structure as reported assumed.
b Rh-I bond distance

¢ Dichloromethane.

4 Not reported.

In Table 1 a comparison of a range of other relevant ing Rh analogues). However, upon changing the Group 15
iso-structural complexes from the literature is also pre- donor atom, significant changes in the Rh—L bond length is
sented. It is clear that significant changes are induced whenencountered. In fact, bond lengthening from 2.33 to 2.42 to
interchanging ligands. The net effect of introducing larger 2.58 A from P to As to Sb is introduced—in total ca. a 10%
elements, like the arsine and stibine, is that the steric crowd-increase. A potential consequence of this is that in the Sb
ing in the molecule is reduced since it increases some bondsystems, five-coordinate complexes are formed with relative
lengths, and it thus results in more space for entering moi- ease. Examples of these are showiiable 1, which include
eties in reactions such as substitution and oxidative addition.both the four- and five-coordinate analogues of SHRH].

As shown inTable 1 the Rh—-YR bonds (Y=As and To further illustrate the steric effects induced by these ter-
P) are longer for the arsine complexes than in the corre-tiary Group 15 ligands, we have calculated the Tolrj#Z8]
sponding phosphine analogues. A characteristic feature isand the effective cone angles (in the formgyt, the fixed
that the length of the As—Rh—As moiety is about 4.82 A, 2.28 A for standardised Ni—P bonds was used, whereas for
which is significantly longer than the P-Rh—P of 4.66 A the effective cone anglég, the true bond distances were
in the P-analogues. This in turn ensures that there is moreemployed17]). This resulted it values of 140 and 133
space available (i.e., a larger ‘cavity’) for entering nucle- andég values of 140 and 132 for AsPhs and SbP§, re-
ophiles in the arsine Vaska-type complex compared to the spectively. The decrease in steric demand as obtained form
sterically more hindered phosphine analogue. This has sig-the ‘cavity’ described above is thus also further underlined
nificant consequences for the iodomethane oxidative addi-by the decrease ifir and6g of more than 10 compared to
tion reaction (see Par. 6). that of PPh (assuming the cone angles fmara-substituted

Significant differences in specifically the Rh—Cl bonds phenyl phosphines to be virtually identical to BRis such).
are also observed, and since it increases from the P com-Coupled with this decrease in steric demand are additional
plexes to the As analogues, it suggests less electron densitfactors of importance, such as the increase introduced in the
on the Rh-centre in the arsine complexes and a consequenP—C, As—C and Sb-C bond lengths, ranging from 1.82 to
increase in bond Rh—CI bond strength therein. The Rh—Cl 1.94 to 2.10 A[14,43] The changes in bond lengths and
bond length of 2.443(7) A [Rh(CO)EP(NMey)3}2] is sig- tetrahedral angles are thus in accordance with the covalent
nificantly longer than the others and it is assumed to be radii of these elements, i.e., N (0.70), P (1.10), As (1.21),
indicative of the strong electron donating P(NMge The Sb (1.41) and Bi (1.47 A). Furthermore, the C-L-C tetra-
Rh—CO and &0 bond distances in the isomorphous com- hedral angles for the Group 15 elements were reported as
plexes do not differ significantly, although, when statistical 116°, 109, 102, 97° and 924 for N to Bi, respectively56],
disorders are observed, differences might seemingly occur. which results in an increased ‘folding back’ ability of larger

Of interest is the fact that the Rh—P and Ir—P bonds in the substituents from the M—L bond direction.
structures listed ifable lare virtually identical (see three fi- The Tolman cone angle for the polycyclic phosphirane lig-
nal entries of the Ir complexes, compared to the correspond-and termedP'Babar-Phos by Griitzmacher and co-workers
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[57,58]was estimated to be 128seeTable 1. Of interest is (seeTable 1. Selected bond distances of a range of these
that the ‘Babar’-fragment, i.e., the heterocycle, contributes complexes are also reported therein.

only ca. 2x 38 (half-angles) to the steric demand as defined

by Tolman, whereas thiso-propyl fragment contribution is 4.2, Infrared spectroscopy

ca. 53.
The IR data for a range of rhodium(l) Vaska-type com-
plexes are listed iffable 2 and it is clear that a good corre-
4. Electronic effects from spectroscopy lation exists between that of the nickel(0) and the rhodium(l)
Vaska-type complexes. It is clear that th€COgy) val-
4.1. Phosphorous 31-NMR ues cover almost twice the range than t{€Oy;) values

with Av(COrp) =62 cnm ! and Av(COyi) =35 cnt L. The
Since the phosphorous-31 and the rhodium-103 isotopes?(COni) vs. 1(COrn) data for the range of the rhodium(l)
both have the same nuclear spir=(1/2) and are 100% abun-  Vaska-type complexes reported Table 2were fitted to a
dant, first-order coupling constants observed3y-NMR ~ simple quadratic equation as shownFiig. 3.
yields valuable information. The reader is referred to pre-  Tolman rationalised the measurements on the [Ni¢gL.D)
vious reports[29,31] covering this on the square-planar complexes in terms oEq. (1) which is conveniently used
[Rh(L,L’-BID)(CO)(PX3)] complexes, which can be con- {0 calculate the electronic paramet€€Oy;) for phosphine
sidered close ‘relatives’ of the Vaska-type ones. In fact, as- ligands containing common substituents.
pects in this regard, establishing even closer links with the 3
Vaska-type complexes, are discussed in Par. 5. v(CO;) for PX1X2X3: v(COni) = 20561 + » xi (1)
However, for the simple rhodium(l) Vaska-type com- iZ1
plexes as such, the correlation is not good since bonding
modes of therans phosphine ligands appear to be similar  In Eqg. (1) each substituent has a value fpr('Bu=0;
Cy=0.1; Et=1.8; Ph=4.3, etc.) that has to be known to
calculate the value of(COyj). This equation implies that
P(Bu); has the highest electronians influence (strongest

Table 2 _ electron donor) and on replacing tH&u groups with other
'r;fra'e“ data (CECI) for [Ni(L)(CO)s] andtrans-[RhCI(CO)(L).] com- groups, a correction must be applied since a decrease in
plexes thetrans influence causes an increase in the CO-stretching

L (CONi) (cm™) V(CORn) (cm™) frequency. This observation is best explained as a result of a
1 PCy 2056.4 1943 decrease in electron density on the metal centre giving rise to
2 PPr; 2059.2 1950 poorer back-donation from the metal into the anti-bonding
3 AsEg 2059.6[47] 1954 orbital on the C atom. The decrease in the back-donation
‘5‘ thus 2828-2 . 119%575 results in a weaker Rh—C bond and thus a stronger CO bond
6 PES e 2061'7[ | 1958 which in turn results in an increase in the CO-stretching
7 P(NMe)s 2061.9 1964 frequency. For comparison, it is obvious to determine the
8 PPhE4 2063.7 1964 values of y(COgyp) in solution since packing effects have
9 PPhCy 2060.6 1964
10 PPhCy 2064.8 1966
11 PPhMe 2067.0 1968 20 ————T1 T T
12 PBz 2066.4 1970 ] ]
13 PPhFc 2065.5[47] 1970 2090 ]
14 SbPh 2065.8[47] 1971 ] ]
15 PPhEt 2066.7 1973 v(COnj) ] ]
16 As(p-Tol)z 2066.8[47] 1973 2080 - ]
17 PE-Tol)s 2066.6 1974 Jem’! ] o ]
18 AsPh 2067.9[47] 1975 2070 -] ]
19 Pp-OMe-Ph) 2066.1 1975 ] ]
20 PE-Tol)s 2066.7 1976 ] ]
21 PPh(p-Tol) 2068.2 1977 2060 .
22 PPh 2068.9 1979 ] ]
23 PPh(CgFs) 2075.9 1983 2050 1

—r r r 1 1 7
24 PE-F-Phy 20713 1983 1930 1950 1970 1990 2010
25 Pp-Cl-Phy 2072.8 1983 .
COgyp) /cm’

26 Babar-Phos 2078% 1991 V(COrn
g EEE(%IFs)z gggg; iggg Fig. 3. Correlation betweem(CONi) and v(CORh) for all complexes
29 P(GFs)s 2090.9 2005 in Table 2[nonlinear least-squares fit of data to simple quadratic func-

tion; y=ax? + bx+c; a=(2.77+£0.44)x 10*, b=(—2.65+0.45)x 10,
a Obtained fromFig. 3. c=(6.8+1.1)x 1073].
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been illustrated to have a significant influence on the value 5. Five-coordinate rhodium(l) Vaska-type complexes
rendering solid-state measurements usdgle8k

Fig. 3provides an easy way to cross-correlate newligands. Vaska-type complexes are, illustrated above, usually con-
For example, substituting, the(COy;) value for PPhFc sidered as four-coordinate. However, under favourable con-
(2065.4 cntl) obtained fromFig. 3into Eq. (1)and solv- ditions, an additional ligand can be added to the metal centre
ing (xph=4.3) gives: 2065.4 2056.1-2(4.3)+ xrc; thus to retain or from the typicatans-YR3 Vaska-type fragment.
xFc=0.7. Thisy value of 0.7 for the ferrocenyl substituent Thus, decrease in steric crowding, and an accompanying
indicates it to be a good electron-donating group, compara-decrease in electron density introduced to the rhodium(l)

ble to 0-CgHs0Me (x =0.9). centre, favours the formation of five-coordinate Vaska-type
The corresponding(CQy;) values for, e.g., the PRRc, complexes. Two selected examples are discussed below.

BaBar-Phos and different As- and Sb-ligands could thus be

obtained with relative ease usifidg. 3 Egs. (1) and (2) 5.1. Complexes of the type [Rn(CO)CI(YR3)3]

To determine the contributions of As and Sb relative to
P-ligands, an additional term correcting for the donor atom 5.1.1. Sructural studies

(CL) was added t&q. (1)thus givingEq. (2) Five-coordinate complexes of the Vaska-type, containing
ligands with non-phosphorus group 15 donor atoms, are not

3 common. Particularly, complexes containing stibine ligands

v(COpj) = 20561 + ZX{ + Cy (2) have only been investigated to a very limited extent since
i=1 phosphine complexes are in general favoured on the basis

of the NMR activity of phosphorous. Furthermore, large

According to definition, the phosphine ligands have variations of phosphine ligands are commercially avail-
Cp =0. Substituting the(COy;) values for AsEs (2059.6), able, enabling broad studies without time-consuming ligand
As(p-CeHsMe); (2066.9), AsPh (2068.0) and SbRh synthesis involving extremely hazardous chemicals. Thus,
(2065.9) obtained fronFig. 3 into Eq. (2) and solving different attempts to prepare and characterise the rhodium

gave the following values fo€as=—1.9 (AsEg), +0.3 stibine analogue to Vaska's complex are reported in the
(As(p-CgHsMe)3) and —1.0 (AsPh), and Cgp=—3.0 literature[3,60,61] of which several are incorrect.
(SbPh). From these results, th€as value of + 0.3 ob- For example, early work on the synthesis of ShBPbm-

tained for Asp-CgHsMe); seems a bit strange compared to plexes of rhodium(l)[3] described rhodium complexes
the negative values obtained for the other As ligands. Direct containing three stibine ligands. The colour of the com-
subtraction of thes(COgp) values of Asp-CgHsMe)s; and plexes was reported to range from orange red to purple red,
P(p-CsHsMe)s gives 1973-1976=—3 cni ! and dividing whereas the analogous phosphine- and arsine-containing
with 2 to convert to the smaller range fofCOy;) suggesta  complexes are yellow. Molecular mass determinations and
value of—1.0 to—1.5 cnT L. Based on these arguments, an elemental analysis suggested the stibine complexes to be
average value of-1.5 is proposed foCas and the values  the four-coordinate analogues of the rhodium phosphine
of —3.0 is retained foCgp,. complexes that were already known at that time. Two more
As the electron-donating capability of the Group 15 donor accounts by other authors describing the rhodium stibine
L-ligand decreases, the electron density on the metal de-complexes as having red colours also appeared during that
creases accordingly and thus less electron density is avail-time [60,61]. A brief correction that was given in a footnote
able to the &0 moiety viamw-back-bonding into the carbon  was the first report of these complexes to be five-coordinate
w*-orbitals. The result is a weaker-MCO bond (stronger  and containing three stibine liganf®2]. Confirmation of
C=0 bond) and an increase w{CO). This is evident for the presence of three stibine ligands by elemental analysis
complexes listed ifable 1 The change in(CO) introduced and the existence of solution equilibria between the four-
from P to As to Sb for PR AsPh and SbPhis 1979, 1975 and five-coordinate rhodium complexes appeared shortly af-
and 1971 cm?, respectively, which is not very large, but terwards[63]. Practical problems concerning the elemental
still significant. The net change in electron density is addi- analyses were mentioned and the presence of an additional
tionally illustrated by the reactivity change of the oxidative benzene molecule in all the synthesised complexes raised
addition for the complexes presented herale 4. some questions concerning these results. The first reference
Of interest is the fact that the ligand termf€Babar-Phos  to the preparation of the yellow four-coordinate complex is
by Gritzmacher and coworkefs7,58], and designed to be  only sited as a personal communicati&3,64].
a very weak electron donor, indeed shows characteristics Clearly, some confusion existed with regard to the solu-

comparable to the halogenated phosphines, i.e(C&®rn) tion behaviour of the stibine systems, since an equilibrium
of 1991 cnt?, which translates to a Tolman electronic pa- as outlined above and given q. (3) exists. To confirm
rameter,y(COy;) of 2078 cn1. this, both the reactant and the product were isolated and

It has to be remembered that, as illustrated, many factorsstructurally characterised (sE&s. 1(d) and 4(3) Thus, the
influence thev(COgyp) values, and it is thus still at best a difficulty associated with interpreting NMR spectra of As
rough estimate of illustrating tendencies for these systems. and Sb complexes (unfavourable properties of the nuclei)
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Fig. 4. Diamond drawings of (ajans-[Rh(CO)CI(SbPh),] (Adapted from Ref[14], Copyright: Elsevier with permission) and (foans-[Rh(CO)I(SbPh),]
(Adapted from Ref[50], Copyright: Elsevier, with permission) (30% probability ellipsoids; hydrogen atoms omitted for clarity).

has been partially circumvented by X-ray structural analysis low colour of thetrans-[Rh(CO)CI(SbPB);] into the dark
and UV-vis spectrometric measurements (see below). red colour characteristic of theans-[Rh(CO)CI(SbPB)3]
K with an increase in the SbRltoncentration. The progres-
[Rh(CO)CI(SbPR)] + SbPh=[Rh(CO)CI(SbPh)3] (3) sive increase of the stability constant in the five solvents is
clearly illustrated inTable 3

The corresponding iodo analogue of the tris—Sh&dm- The formation constants determined in different solvents
plex has also been reported recently ($8g. 4b) and  according toEq. (3) (also seeScheme 2in Scheme lin-
Table 1. dicate that the formation of tHeis-SbPh complex is more

Another recent interesting example, utilising again a fayoured in less polar/non-coordinating solvents. In fact,
P-donor in the ligand the methylated 1,3,5-triaza-7-phospha-there is almost an order of magnitude difference in the
adamantane (PTAMe) which is very weakly electron do-  K(dcm) value vs. those obtained in acetone and ethyl acetate
nating (positive charge), is shown Ifig. 5 and selected  (Taple 3. It is, however, not certain whether the inherent
geometrical data are given ifable 1 It is concluded that  solvent characteristics (donicity, polarity) are necessarily
five-coordination in these systems is favoured by elec- the only reason for isolation dfans-[Rh(CO)CI(SbPh)s].
trophilic metal centres with small steric crowding at the A |ower crystallisation energy of the latter compared to

metal[49]. the tris—SbPk complex in solvents such as diethyl ether
_ _ and hexane obviously adds some driving force for ob-
5.1.2. Formation constant studies taining the four-coordinate complex. The solubility of

Equilibrium constants for the formation tshins-[Rh(CO)- trans-[Rh(CO)CI(SbPB),] in diethyl ether is<0.2 mM,

CI(SbPh)s] (Eqg. (3) in different solvents have been studied,  thys the success of the synthetic method is supposedly driven
of which least-squares fits of the absorbance data changes

are shown irFig. 6. The solutions turned from the initial yel-
(a) (b)

1.30 . . . . . 1.50
Abs
0.65 - - 0.75
0.00 - . . . 0.00
0 12 18

6
[SbPh;]/ 10°M

Fig. 6. Least-squares fits (lines) of absorbance change vs. {pliéth
Fig. 5. Diamond drawings dfans-[Rh(CO)I(PTAMe}]3+ (Adapted from the formation oftrans-[Rh(CI)(CO)(SbPh)s] (Scheme lin acetone (ac,
Ref. [49], Copyright: Elsevier, with permission) (30% probability ellip- 450 nm), diethyl ether (eth, 420 nm), dichloromethane (dcm, 450 nm),
soids; hydrogen atoms omitted for clarity). at 25°C (Adapted from Ref[14], Copyright: Elsevier, with permission).
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Koa, Koa

[Rh(CO)CKY(p-Tol)s}]  + CHl

migratory insersion;

————= [Rh(CO)CI)CHa)(I{Y(p-Tol)s}]
RE

ka| | kai

[Rh(COCH;)CI(I)Y (p-Tol)s}2]

Scheme 1.
[Rh(CI)(CO)(SbPhs);] + SbPh; —>  [Rh(CI)(I)(CHz)(CO)(SbPhs)z] + [Sb(CHs)(Phs)l" I

+CHal

Ky
Eq. (3)

[Rh(CI)(CO)(SbPhsz)s]

Oxidative addition l

[Rh(1)2(CH3)(CO)(SbPhs)z] + [Sb(CH3)Phs]* CI°

Scheme 2.

Table 3
Formation constants farans-[Rh(CO)CI(SbPB)s] (Eqg. (3) in different
solvents at 25C

Solvent Dy @ DsP e® Kr 9(M~1)
Dichloromethane a 6 8.9 163+ 8
Benzene 0.1 9 2.3 36B7
Nitromethane 2.7 9 35.8 >260
Diethylether 19 12 4.3 744 34
Acetone 17 15 20.7 104895
Ethyl acetate 17 14 6.0 126196

@Dy = donor numbei65].

b Dg =donor strengtH66].

¢ ¢ =dielectric constan{67].

d Fig. 4.

€ Estimated from chloroform.

f Estimated value; significant decomposition.

by the favourably low energy of crystallisation, even though
the stability constant in this solvent is quite largalfle 3.
Thus, given the appropriate conditions and if a suitable
ligand is available, these Rh(l) systems will add a fifth lig-
and in order to compensate for this lack of electron density.

5.2. Complexes of the type [Rh(L,L’-BID)(CO)(YR3)2]

Systems of the form [Rh(L/EBID)(CO)(YR3)2] that

contained a five-membered monocharged bidentate ligand

(L,L’-BID), such as cupferratgs8] or tropolonatg69] and
derivatives[70], showed a tendency to accommodate an
additional phosphine/arsine ligand (¥R(Eq. (4). It thus
forms distorted trigonal-bipyramidal complexes containing
the basic Vaska-type fragment. An example of a structurally
characterised complex of this type is showrFig. 7 [69]

[Rh(L, L’-BID)(CO)(YR3)] + YR3

g[Rh(L, L’-BID)(CO)(YR3)7] 4)

The formation constants for the reaction showikq (4)
(L,L’-BID=tropolonate) were determined as 30(4), 57(9)
and 53(8) M1 for PPhFc, PPR and Pp-FPh), respec-
tively [69]. This indicated that the electron density intro-

duced synergistically by the twtrans-YX3 ligands was

not significantly different. Corresponding structures of sys-
tems containing six-membered oxygen donor atoms have not
been reported, possibly indicating steric hindrance by the
L,L’-BID ligand playing an important role in the formation

of these five-coordinate complexes.

The formation constant described for the HtropBr
according to Eq. (4) increased by approximately an
order-of-magnitude for both the PPltand AsPBh, thus
indicating that the tendency to form the five-coordinate
complex is directly related to the electron density (or lack
thereof) on the rhodium(l) as introduced by the bidentate
ligand. Thus, when additional electron-withdrawing ca-
pacity was introduced on the LUABID ligand, as in the
case of the 3,5,7-tribromotropolone (HtropRrthe forma-
tion of both the PPhand AsPh complexes are favoured
and could be isolated and crystallographically studi&®)
as shown inFig. 8 Of further interest is the fact that
[Rh(tropBr)(CO)(YPh)2] (Y =P, As) complexes are iso-
morphous, and there is a significant distortion in the solid
state towards square-pyramidal geometry. Thus, although
tropBr; is a symmetrical ligand, the Rh—O1 and Rh-02

Fig. 7. Diamond drawing ofrans-[Rh(CO)(trop)(PPhFc),] (Ref. [69])
(30% probability ellipsoids; hydrogen atoms omitted for clarity).



130

A. Roodt et al./Coordination Chemistry Reviews 245 (2003) 121-137

Fig. 8. Diamond drawings of (djans-[Rh(CO)(tropBg)(PPH)2] [70] and (b)trans-[Rh(CO)(tropBg)(AsPhs)2] [70] (30% probability ellipsoids; hydrogen

atoms omitted for clarity).

(virtually trans to the Co ligand) in both the structures
shown inFig. 8were ca. 2.46-2.48 and 2.16 A, respectively.
However, in the case of the [Rh(trop)(CO)(RBPh)], these
bonds were identical (two-fold axis along the Rh—CO bond
in Fig. 7). The corresponding decrease in bite angle from
68.88(9) in the bis-PPhFc complex shown itfrig. 7, com-
pared to the 66.7(2) and the 66.8(2) the five-coordinate
PPh and AsPh complexes shown iifrig. 8 attributed to
this assymetric distortion, is quite significant. The Rh—P
and Rh—As bond lengths in these five-coordinate trgpBr
complexes are 2.337(2) and 2.412(1) A, respectively, and
compare well with the corresponding bond distances in
the four-coordinate Vaska analogues listed Table 2
[Rh(CO)CI(YPh)2] and [Rh(CO)C{Y(p-tol)s}2], display-

ing values for Rh—P, 2.322(1) and 2.333(2) A, and Ph-As,
2.4226(4) and 2.412(1) A, respectively. This observation
indicates that the group 15 donor atom (Y) is the prime
determinate factor regarding the Rh-Y bond, and that the
Rh-Y bond variation is fairly insensitive toward substituents
on the Y-atom, as well as the ligand (i.e.,”Cbr trop~)

on the metal centre ‘trans’ to the carbonyl moiety. Pre-
liminary energy calculations showed that the more stable
state is in fact the distorted square-pyramidal, and not the
trigonal-bipyramidal shown iifrig. 7. Further investigation
into this, as well as other aspects relevant to the factors de-
termining the formation of these five-coordinate complexes,
is obviously still needed.

6. lodomethane oxidative addition on rhodium(l)
Vaska-type complexes

6.1. Reactions of the trans-[Rh(CO)CI{Y(p-Tol)3}2]
(Y=P, As) complexes

Upon reaction of rhodium(l) Vaska-type complexes with
iodomethane, the metal centres are typically alkylated fol-

lowed by subsequent migratory insertion, similar to that re-
ported for the [Rh(L,[=BID)(CO)(PX3)] complexes[29].
Thus, in this paper, selected aspects of these reactions, aimed
at the rhodium(l) Vaska-type complexes containing mon-
odentate ligand systems, are briefly discussed. Representa-
tive data for iodo carbonyl complexes of rhodium(l) and
rhodium(lll) are given inTable 7in Appendix A

For the reaction of the iodomethane oxidative addition
to the trans-[Rh(CO)CKY(p-Tol)s}2] (Y =P, As), the gen-
eral stoichiometry of the reaction is shown Bcheme
1. The equilibrium reaction defining the first step (for-
ward= oxidative addition; reverse reductive elimination)
was verified previoushyf10,29], but is also illustrated in
Fig. 9.

The slow decomposition of thirans-[Rh(CO)CKAs(p-
Tol)z}2] complex in Fig. 9 (W(CO)=1973 cnt?), and
the clean conversion to the intermediate alkyl species
(V(CO)=2050 cnt?1), is obvious. However, under identical

Rh(l)

(@)

0.7 Alkyl v
* Acyl
- ta
Abs 2 J (b
0.7
0.0 * L_
21'00 i 1 9'00 l 1 7'00

Wavenumber /cm-!

Fig. 9. Infrared spectra (2%, 10-min intervals) of iodomethane
oxidative addition to (a) trans-[Rh(CO)CKAs(p-Tol)s}2] and (b)
trans-[Rh(CO)CKP(p-Tol)z}2], illustrating the formation of the
Rh(lll)-alkyl and Rh(lll)-acyl species; CHgJ [Rh]=0.02 M; [CHl] =3
M (Adapted from Ref[13], Copyright: The Royal Society of Chemistry,
with permission).
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Fig. 10. Diamond drawings of (d)ans-[Rh(CO)(Cl)I(Me)As(p-Tol)z}2] (Ref. [13], with permission) and (bjrans-[Rh(CO)(I(Me)(SbPh);] (Adapted
from Ref.[14], Copyright: Elsevier:, with permission).

conditions in the case of thteans-[Rh(CO)CKP(p-Tol)3} 2] erage of two crystallographically independent molecules;
complex, only a small amount of the reactant is converted ox= 8-hydroxyquinolinate}73] and especially the 2.849(1)
to the intermediate alkyl species, thus confirming the ther- A in [Rh(dmavk)I(CO)(CH)(PPh)] (dmavk= dimethyl-
modynamic unfavourability of the latter. This might explain aminovinylketonate)[74]. In the latter two examples,
why the intermediate P-alkyl complex could not be iso- the metal centres were quite nucleophilic (reactivity to-
lated, compared to the corresponding As species, whichward iodomethane high; half-lives at [GHl=1 M in
has indeed been obtained in the solid state and structurallysecond range). The fact that a shorter Rh—I bond in
characterised (sdeig. 10a)). [Rh(CO)CI(CH)(I){As(p-Tol)3}2] was observed compared

The molecular structure of [Rh(CO)CI(GHI){As(p- to these more reactive rhodium(l) complexes thus suggests a
Tol)s}2] shown inFig. 1Qa) clearly shows thatrans ad- stronger coordination of the iodo ligand due to less electron
dition of the iodomethane occurred. In the past decade, density on the metal centre. This is in general agreement
a range of alkyl intermediates in iodomethane oxidative with the slow kinetics observed for iodomethane oxidative
addition to rhodium(l) complexes has been isolated and it addition to [Rh(CO)J{Y(p-Tol)3}2] as discussed below.
has been found in general that in sterically congested and
electron-rich metal centres systems, titaas products were
isolated[29].

[Rh(CO)CI(CH)(I){As(p-Tol)s}2] represents one of the
very few characterised arsine complexes of this type, and The equilibrium that exists between the four- and
of interest is the fact that the Rh—As bonds were length- five-coordinate SbRPhcomplexes as described above com-
ened by almost 0.05 A compared to the starting material plicate the oxidative addition reaction as indicated by
[Rh(CO)CKAs(p-Tol)s}2] (Fig. 1(c)). This subsequently  Scheme 2
increases the As—Rh-As cavity from 4.835(1) to 4.959(2) A After dissolvingtrans-[Rh(CO)CI(SbPB)3] in acetone, a
in [Rh(CO)CI(CHs)(1){As(p-Tol)s}2], but the Rh—Cl bond  mixture of the bis and tris complexdsans-[Rh(CO)CI(Sb-
stayed virtually unaffected. Moreover, the Rh—CO bond Phg),] and trans-[Rh(CO)CI(SbPh)3], is formed, accom-
length increased, in spite of the fact that the e.s.d. is quite panied by the liberation of SbRhAddition of CHgl to
large and suggests that the apparent lengthening should thusuch a solution results in GHoxidative addition not only
be interpreted with care. However, the tendency of signif- to the bis and tris SbRhcomplexes, but also to the lib-
icant bond length increase cannot be overlooked, which is erated SbP§ thus forming [SbMeP4jl. The [SbMePA]!
in agreement with the higherCO) value of 2050 cm?, thus produced acts as a source of ions to substi-

6.2. Reactions of the trans-[ Rh(CO)CI(SoPhz)2] and
trans-[ Rh(CO)Cl(SbPh3)3] complexes

indicative of much less d&* electron back-donation from
the Rh(lll) metal centre.

By comparison, the Rh-I bond distance of 2.786(1)
A is quite long rans to a methyl) relative to the
2.708(2) and 2.701(1) A found for Rh(lll)-I bonds (i.e.,
a trans-P—Rh—I moiety) in [Rh(cupf)I(Ck)(CO)(PPR)]
[71] and [Rh(quin)l(CO)(CH)(PPHh)] [72] (cis addition
of iodomethane, cupf cupferrate; quir= quinolinate). It
is, however, significantly shorter than other Rh—I bond
lengths in complexes containingans-CH3—Rh—I moieties,
e.g., the 2.803(1) A in [Rh(ox)I(CO)(CHPPH)] (av-

tute the CI from the rhodium metal centre, resulting in
trans-[Rh(CO)(Ix(Me)(SbPh),] as the final product (see
Fig. 1Qb)).

The fact thattrans-[Rh(CO)CI(SbPB)3] undergoes ox-
idative addition with CHI to form a Rh(Ill) complex
containing only two SbPhligands coordinated to the metal
centre in the final product is in contrast to a recent s{u&y
where the reaction of the former with HCCH,CI gave
[Rh(CI)(n2-C(=0)CH=CCICH,)(SbPh)s] as final product.
In this case, the dissociated ShRigand re-coordinated to
the Rh(lll) oxidative addition product, following cycload-
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Table 4
Kinetic results for iodomethane oxidative additionttans-[Rh(CO)CKY (p-CsHaCHsz)s}2] (Y =As and P) at 25C2
Complex Constant Acetone Ethyl acetate DCM Toluene
b 20.7 6.0 8.9 2.38
Dn© 17.0 171 4 0.1¢
P 1Ckop (M~1s7Y) 1.30(6) 0.26(1) 2.90(9) 0.20(1)
10%kre (s7Y) 0.75(2) 0.880(3) 1.27(4) 1.63(2)
Koa (M™1) 1.7(1) 0.30(1) 2.3(2) 0.120(6)
AH*koa (kJmol 1) 58(3) - 71(12) -
ASkoa (JK~tmolt) —100(9) - —47(30) -
AHkre (kJmol 1) 39(4) - 30(12) -
AS'kge (JK1mol™1) —167(14) - —193(40) -
As 1C0koa (M~1s7h) 4.2(4) 0.84(1) 0.60(1) 0.05(2)
10%ge (s71) 0.52(6) 5.11(5) 0.041(4) 0.445(2)
Koa (M™1) 8(1) 0.160(7) 15(1) 0.11(4)
AH?koa (kJmol1) 84(1) 114(4) 87(6) -
AS*koa (JK~Imolt) —1(4) 86(15) —8(18) -
AHkre (kJmol 1) 53(1) 83(6) - -
AS*kre (JK~1molt) —122(5) —3(18) - -
Sb 1Gkoa (M~1s71) - - 0.12(1) -
10%ge (571 - - 0.0015(4) -
Koa (M~1) - - 100(20) -
ar13].
b[65].
¢ [66].

d Estimated from chloroform.
€ Estimated from benzene.

dition and Ct- migration, to retain a saturated coordination 0of the reaction to proceed forward, is given By. (6) and

sphere. In CHI oxidative addition to the dissociated SkPh  are reported imable 4together with the rate constants.

the resulting formation of [SbMeRh | —, effectively scav- k

enges SbPhas potential ligand from the reaction medium. Koa = “oA (6)

The exact sequence of reactions as well as the reactivity of kre

different species toward iodomethane oxidative addition in  The first step, i.e., oxidative addition and reductive elim-

this complicated mechanism are not resolved at this stage. ination, was conveniently studied using a range of solvents
) o - and different CHI concentrations at three different temper-

6.3. Rate laws for iodomethane oxidative addition to atures using different kinetic techniques (IR and UV-vis).

rhodium(l) Vaska-type complexes Analysis of the dependence of the rate of Rh(lll)-alkyl for-

] . mation on [CHI], as illustrated inScheme 1shows a di-

It has been shown previoudl§0,29]that the iodomethane (et relationship of the pseudo-first-order rate constant on
oxidative addition to rhodium(l) complexes proceed accord- [CHal], as illustrated in, e.gFig. 11
ing to the general mechanism as givenSoheme 1The These results are consistent with the rate expression
forward step in the first reaction represents the oxidative ad- ghown in Eqg. (5) but are also supported by time-resolved
dition, while the reverse reaction represents the reductive |g spectroscopy studied under identical conditions as il-
glimiqation followed by a consecutive migratory carbonyl |,strated inFig. 9. The conversion to the alkyl species
Insertion. S _ _ in the case of [Rh(CO)GP(p-Tol)s}2] is not com-

This paper primarily focuses on the first stefsicheme 1 plete and much less favoured than in the corresponding
for which the pbser_ved pseudo-first-order rate constant [Rh(CO)CKAs(p-Tol)z}2]. In the latter case, conversion to-
(ICHsl] > [Rh]) is defined byEqg. (5) ward the Rh(lll) alkyl complex is favourable(CO)= 2050
(kob9oa = koa[CHal] + kre (5) cm 1), bgt not so fortransr[Rh(CO)Cl{P(p-ToI)g}g] with

the reaction proceeding only to a small extent.

The kinetic constantispa andkre refer to the rates of the As mentioned above, the crystallographic study showed
forward (oxidative addition) and reverse (reductive elimi- that trans[Rh(CO)CKAs(p-Tol)z}2] is less sterically
nation) reactions, respectively. The equilibrium constant for crowded thantrans-[Rh(CO)CKP(p-Tol)s}2] since intro-
the first step, which defines the thermodynamic feasibility duction of the larger arsine atom increases the ‘cavity’ in
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12 r r T Table 5
Structural data for Vaska-type complexes of the fortnans
(a) 35°C / [RhCI(CO)(PX%)2]
8- 4 PX3 Reference
tris(p-Fluorophenyl)phosphine [77]
tri-t-Butylphosphine [78]
4 250C 4 tri-t-Butylphosphine [79]
10%(Kobs)oa bis(bis(Trimethylsilyl)methyl)phosphine [80]
150G tris(2-Pyridyl)phosphine [81]
/st __._./4.————-0—/'—‘ 2,6-Difluorophenyl-phenylphosphine [82]
S 0 T T T Triphenylphosphine [83]
(b) Triphenylphosphine [84]
35°C Triphenylphosphine [85]
3 ) Triphenylphosphine [86]
Methyldiphenylphosphine [87]
5 | Diphenyl(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)phospfaas
250C Triphenylphosphine dichloromethane solvate [89]
1-Phenyldibenzophosphole dichloromethane solvate [90]
1 159 i 1-Phenyl-3,4-dimethylphosphole [90]
—W/’/_" Diphenylvinylphosphine [90]
Dimethylphenylphosphine [91]
0 T T T Trifluorosilylethyl(dimethyl)phosphine [92]
0.0 0.2 0.4 0.6 08 2-Fluorodimethylsilylphenyl(dimethyl)phosphine [90]
[CH3l] /M Triphenylphosphine dichloromethane solvate [48]
Trimethylphosphine [93]

Fig. 11. [CHI] and temperature dependence of the pseudo-first-order Pis(Dimethylamino)(2,5-dimethyl-1,2,3-diazaphosphol-4-yl}94]
rate constant for the iodomethane oxidative additon to (a) Phosphine

trans-[Rh(CO)CKAs(p-Tol)z}2] and (b)trans-[Rh(CO)CKP(p-Tol)} 5] in tris(1H,1H,2H,2H-Perfluoro-octyl)phosphine - [99]
acetone (Adapted from ReffL3], Copyright: The Royal Society of Chem-  115(3,3,4,4.5,5,6,6,7,7,8,8,8-Tridecafluorooctyl)phosphine [96]
istry, with permission). 2-(Diphenylphosphino)pyrimidine [97]
2,4,6-Triphenylphosphabenzene dichloromethane solvate [98]
(o-Methoxyphenyl)diphenylphosphine [99]
3-Pyridyldiphenylphosphine [100]
. Triphenylphosphine benzene solvate [101]
the complex from 4.665(1) for the P—P distance to 4.824(1) 3.(chioropropyl)dicyclohexylphosphine [102]
A for the As—As. These distances show that the larger tri-p-Tolylphosphine [20]
As(p-Tol)z complex is less sterically hindered and thus has Diphenylamino(diphenylphosphino)methane [103]
more space available to accommodate entering moieties PiS(Piphenylaminomethylphenylphosphine [103]
L Sy " . . 0-Chlorophenyl(diphenyl)phosphine dichloromethane solv4ig®4]
such as, e.g., in |_odqmethane oxidative ado!mon. This in- 2-Dimethylphosphino-1,1-di-t-butylethanol [105]
crease in ‘cavity’ size in the ApfTol)3 complex is expected  yi.t.Butylphosphine toluene solvate [79]
to shift the equilibrium more toward the intermediate, re- tris(N-Pyrrolyl)phosphine [26]
sulting in a larger equilibrium constant for the As{ol)s tris(N-Pyrrolidinyl)phosphine [26]

complex than for R{-Tol)z due to less steric crowding. This ~ 1-Menthyl-3,3,4,4-tetramethyl-2-diphenylphosphinopho- - [106]
is well manifested in th&pa values as presentedTiable 5 sphetane dichloromethane solvate
Of interest is the fact that the first reaction is thermodynam-

ically favoured in both DCM Koa 9 M1 vs. 1.7 M%) (kci Koa[CH3l])
and acetone (15 M vs. 2.3 ML), respectively, for the ~ (kobdcr = (1 + KoalCHal) = © ")
As(p-Tol)z complex over the R{Tol)s complex. In ethyl

acetate and toluene, the equilibrium constants are, strangely In the current study the formation of the final Rh(lll)-acyl
enough, quite similar. It is, however, clear frafable Sthat species, although it has been observed and identified as illus-
in both ethyl acetate and toluene less accuracy in the detertrated above, was not studied in any detail. More detailed in-
mination of the slopekpa) had been achieved. If the slope Vvestigations on the related [Rh(L;BID)(CO)(PXs)] type

is not accurately determined, the correspondiag, value, ~ complexes are described elsewhi@].
which is directly dependent thereupdfda = koa/krg), is
similarly less accurately defined. 6.4. Reactivity, activation parameters and solvent effect for

Eqg. (7)illustrates the expression for the observed rate iodomethane oxidative addition to rhodium(l) Vaska-type
constant for the formation of the Rh(lll)-acyl species via complexes
migratory carbonyl insertion ([C4l] > [Rh]), as shown in
Scheme 1The constant&c) andk_cy, respectively, repre- The relative reactivity of both the oxidative addition and
sent the forward and reverse steps for the migratory carbonylreductive elimination in thérans-[Rh(CO)CKY (p-Tol)s}2]
insertion reaction, clearly seen in, ekig. 9. (Y =As, P) complexes also including [Rh(CO)CI(Shh
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spans about a two order of magnitude rangable 4. crease in reactivity with an increase in polarity, i.e., in
The half-lives for the reaction at ambient temperature the case of the P-complex a decrease of only cax1i8
and [CHl] =1 M, range from a few minutes to hours, observed from ethyl acetate to acetone, andxl.Bom
and compare well with those observed previously in the toluene to dichloromethane, respectively. In the case of the
[Rh(CO)CI(YPHh)2] (Y =P, As) complexes[10]. The trans-[Rh(CO)CKAs(p-Tol)z}2] complex, a one order of
trans-[Rh(CO)CKP(p-Tol)z}2] complex is more reactive in  magnitude increase is observed. This indicates that the re-
the less polar/coordinating solvents toluene and DCM, but ductive elimination is inhibited by solvent polarity, but that
thermodynamically the reaction is less feasible. In acetone oxidative addition seems to be favoured.
and ethyl acetate (both more polar and coordinating), the The different steps in the above-mentioned reaction se-
arsine complex 4-5 more reactive than the P analogue,quence are thus differently influenced in the two complexes,
which suggests an increased solvent contribution in the but the net effect on the stability constadfia is the same.
trans-[Rh(CO)CKAs(p-Tol)s}2] complex. Also it cannot be excluded that the larger intercepts in the
It was illustrated above that significant solvent effects case of ethyl acetate in generdhble 4 might incorporate
are observed in the pre-equilibrium in the Sb system. How- contributions from a possible concurrent route via a solvent
ever, in the As system, in the oxidative addition reaction, pathway as well as the reductive elimination process.
the equilibrium between the rhodium(l) reactant and the Both thetrans-[Rh(CO)CI(SbPB)2] and trans-[Rh(CO)-
rhodium(lll) alkyl product is also significantly influenced by  CI{As(p-Tol)sz}2] complexes show comparable reactivity,
the solvent as illustrated ifable 4 which suggests similar electron density on the Rh-centre in
The solvent polarity (as illustrated by the dielectric con- both.
stant,¢) as a function of relative constant solvent donicity Upon examination of the activation parameters as sum-
(from the donor numbeby), i.e., for ethyl acetate to ace- marised inTable 4 it is clear that these are characterised by
tone and again dichloromethane to toluene, shows an in-positive values oA H#koa and negative values @afS*koa,
crease of about a one to two order of magnitude in both which indicate that bond formation plays an important role
koa andKoa for both thetrans-[Rh(CO)CKAs(p-Tol)z}2] in forming the transition state. This was already pointed out
andtrans-[Rh(CO)CKP(p-Tol)s}2] complexes. This might  in previous work where it was shown that the oxidative ad-
be indicative of competition between the glldnd good co- dition reaction proceeds via an associative mechafiiéh

ordinating solvents in thérans-[Rh(CO)CKAs(p-Tol)s}2] Since reductive elimination is the opposite of oxidative

complex where there is also less steric congestion at theaddition, it is the expected to proceed via a more dissocia-

metal centre (see above). tive pathway, possibly showing positive value A ge.
However, kre for both trans-[Rh(CO)CKP(p-Tol)s} 2] This was however not observed, although it is of interest

and trans-[Rh(CO)CKAs(p-Tol)s}2] shows a small de- to note that in therans-[Rh(CO)CKAs(p-Tol)s}2] complex

Table 6

Dinuclear complexes containing rhodium(l) Vaska-type fragments

Compound Name Reference
Dicarbonyl-dichloro-big¢2-2,6-bis(diphenylphosphinomethyl)benzene)-di-rhodium [107]
bis(.2-2,6-bis(Diphenylphosphino)-pyridine-Bfhloro-dicarbonyl-methanol-di-rhodium hexafluorophosphate dichloromethane solvate [108]
Chlorocarbonyl-(sulfur dioxide)-bis(triphenylphosphine)rhodium [109]
Dicarbonyl-dichloro-big¢2-bis((diphenylphosphino)methyl)-phenylarsine)-di-rhodium dichloromethane solvate [110]
Dicarbonyl-dichloro-big2-bis((diphenylphosphino)methyl)phenylarsine‘Rdt-rhodium dichloromethane solvate [111]
bis((u2-bis(Diphenylphosphino)-methane)-chloro-carbonyl-rhodium) [112]
Dicarbonyl-trichloro-bisg.2-bis((diphenylphosphino)methyl)phenylarsine:Rdfiver-di-rhodium dichloromethane solvate [107]
Carbonyl-chloro-bis(tris(2-butylphenyl)phosphito)rhodium [113]
trans-Carbonyl-chloro-bis(perfluorohexylethoxy(diphenyl)phosphine)rhodium(i) [114]
(N,N'-bis(2-(Diphenylphosphino)phenyl)propane-1,3-diamine)-carbonyl-chloro-rhodium(i) [115]
(N,N’-bis(2-(Diphenylphosphino)phenyl)propane-1,3-diamine)-carbonyl-chloro-rhodium(i) [116]
trans-Carbonyl-chloro-(§9-2,2 -bis((R)-1-(di-n-butylphosphino)ethyl)-1/1biferrocene)rhodium(i) [117]
trans-Carbonyl-chloro-(§9-2,2-bis(R)-1-(di-n-butylphosphino)ethyl)-1,3biferrocene)rhodium [118]
Di-p-(1,5-bis(diphenylphosphino)-3-oxapentane)ais-carbonyl-chloro-rhodium(i))methylene dichloride solvate [119]
Carbonyl-chloro-(2,11-bis(diphenylphosphinomethyl)benzo(c)phenanthrene)rhodium benzonitrile solvate [120]
Carbonyl-chloro-(1,6-bis(((1-mentH-8l)-2,2,3,3-tetramethylphosphetan-4-yl)dimethylsilyl)hexane)rhodium hexane solvate [121]
bis((u2-bis(bis(Benzothiazol-2-yl)phosphino)methanePdarbonyl-chloro-rhodium)tetrahydrofuran solvate [122]
trans-Carbonyl-chloro-bis(1,3,5-triethylbiuret phenoxyphosphorus diamide)rhodium benzene solvate [123]
trans-Carbonyl-chloro-bis(1,3,5-triphenylbiuret phenoxyphosphorus diamide)rhodium [123]
bis((u2-1,4-bis(2-Diphenylphosphinoethoxy)benzene)-carbonyl-chloro-rhodium(i)) unknown solvate [124]
tetrakisf.2-n5-(2-(Diphenylphosphino)ethyl)cyclopentadienyl)-dicarbonyl-hexachloro-di-rhodium(i)-di-titanium [125]

tetrakisf.2-n5-((Diphenylphosphino)methyl)cyclopentadienyl)-dicarbonyl-hexachloro-di-rhodium(i)-di-titanium dichloromethane solvatg125]
Carbonyl-chloro-($9-(R,R)-2,2’-bis(1-(bis(2-furyl)phosphino)ethyl)-1/ibiferrocene)rhodium dichloromethane solvate [126]
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Table 7
lodo complexes containing rhodium(l) and rhodium(lll) Vaska-type frag-
ments

Compound name Reference

trans-Carbonyliodobis(triphenylphosphine)rhodium(l) [42]
Carbonyliodotris(1-methyl-1-azonia-3,5-diaza-7-phospha- [49]
adamantane)rhodium(l) triiodide tetrahydrate

Carbonylchloroiodo(iodomethyl)-bis(triethylphosphine)-  [127]
rhodium(lll)

Carbonyldiiodomethyl-bis(triethylphosphine)rhodium(lll)  [128]
Carbonyldiiodomethyl-bis(triethylphosphine)rhodium(lll)  [129]

trans-Carbonyl-tris(iodo)-bis(triphenylphosphine)rhodium(l1[)L30]

smaller negative values for bothS*koa and AS*kge have
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versity of Witwatersrand (Prof. D. Levendis) are thanked
for the use of their diffractometers for some data collections
reported in this paper.

Appendix A

Representative structures of rhodium(l) Vaska-type com-
plexes {rans[Rh(CO)CI(PX)2]) are given in Table 5
Dinuclear complexes containing rhodium(l) Vaska-type
fragments are given ifable 6 lodo complexes contain-
ing rhodium(l) and rhodium(lll) Vaska-type fragments are
given inTable 7

been obtained. Less ordered transition states wherein sig-

nificant solvent interaction exists are therefore probable, but
additional research is needed to address these aspects.
As mentioned above, although the formation of the fi-
nal Rh(lll)-acyl species was observed (see, Eig. 9), its
formation was not studied in any detail. Nevertheless, it is
of interest to note thaEq. (7) predicts that at low [CH],
the rate of formation of the acyl species is first order in
[CH3l], and directly proportional to the stability constant
Koa. In the case of th&rans-[Rh(CO)CKP(p-Tol)3}2] com-
plex, the effective rate of formation of the acyl species is
generally decreased (by at least a factor of 5), since the
conversion of the R{Tol)s complex to the intermediate
[Rh(CO)CI(CH)I{P(p-Tol)s}2] species, is thermodynami-
cally less feasible.

7. Concluding remarks

Different aspects of the rhodium(l) Vaska-type complexes
have been illustrated, particularly that they are still excel-
lent model complexes to study basic effects such as the
solid-state structures to be incorporated in the broader pic-
ture of the reaction mechanism to explain solution effects.
Similarly, these sterically congested systems enabled differ-
ent solvent effects to be studied and are good models for
theoretical calculations. However, additional research is still
required to aid in understanding solution behaviour of these
systems.
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