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We have found that nonrelativistic calculations on binuclear
metal complexes uniformly afford the order AEpyu(5d) <
AE\(4d). This order might, however, be reversed by relativistic
effects, provided that the (n + 1)s metal orbitals have a substantial
contribution to the metal-metal bond as in Ag, and Au,® or Mo,H;
and W,H;.%® A modest participation from (# + 1)s in the met-
al-metal bond will on the other hand result in too small a con-
tribution from the relativistic effects to reverse the nonrelativistic
order AE\p(5d) < AE\\(4d), as in the case of the M,Cl,(PH;),
systems.

We would expect that the contribution to the metal-metal bond
from the relatively diffuse (# + 1)s orbital is considerably increased
and the contribution from the more contracted nd orbitals de-
creased in metal-bulk compared to M,CL(PH,),, since the
metal-metal bond distance Ry is much longer in bulk than in

(18) The corresponding overlaps for M,Cl4(PH;), with M = Cr, Mo, W
were the following: Cr [S, = 0.168, S; = 0.053, S, = 0.212] at Ryyy = 1.9
A; Mo S, = 0256, S; = 0.081, S, = 0.301] at 2.15 A; W [S, = 0.265, S,
=0.075, S, = 0.305] at Ry = 2.28 A. The overlaps of Cr, Mo, and W are
larger than the corresponding overlaps with Mn, Tc, and Re, respectively, since
the d orbitals on Cr, Mo, and W are more diffuse than the corresponding d
orbitals on Mn, Tc, and Re.

(19) Brewer, L. Science 1968, 161, 115.

M,Cl,(PH,), (note that Ry in Mo-bulk is 1 A longer than in
M,ClL(PH;),!) Our analysis above would thus suggest that the
order AE\\(4d) < AEy\ observed in bulk is a relativistic effect,
brought about by the substantial contribution from the (n + 1)s
orbital to the metal-metal bond in bulk.

It is hoped that additional theoretical calculations will provide
a simple qualitative method by which the involvement of (n + 1)s
in the metal-metal bond, and thus the order of AE\,\(4d) and
Eypm(5d), can be predicted for any class of binuclear complexes.
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Abstract: The reactions of Rh(r*-CyH;)(CO),, Rh(n5-C4(CHj),)(CO),, Rh(n5-CsH,NO,)(CO),, and [Rh(x5-CsH,PPhy)(CO),]*
with triphenylphosphine (PPh;) take place readily to form monosubstituted products. These reactions proceed solely by a
second-order process, first order in the metal complex and first order in PPh;. The rates of reaction follow the order
Rh(n5-CgH,)(CO), > Rh(n5-C4(CH;)7)(CO), > Rh(n’-CsH,NO,)(CO), > [Rh(n’-CsHPPh,)(CO),]*, and all are orders
of magnitude greater than that of Rh(n’-CsH;)(CO),. The reasons for this ordering are discussed in terms of the presumed
transition states of these reactions, relative to the corresponding reaction of Rh(x*-CsH;s)(CO),.

In 1966 we reported? that the rates of reaction of Rh(n’-
CsH;)(CO), with a variety of phosphine, phosphite, and isocyanide
ligands are dependent on the concentration of both the rhodium
complex and the incoming nucleophile. The associative nature
of the substitution of this 18-electron compound was explained
by transfer of an electron pair from rhodium to the cyclo-
pentadienyl ligand, creating an empty orbital for nucleophilic
attack. It seemed necessary at the time that some such process
be involved, because it was known? that the pseudoisoelectronic
Fe(CO)s undergoes CO substitution very slowly and by a disso-

(1) (a) Rerek, M. E; Liang-Nian, J.; Basolo, F. “Abstracts of Papers”,
186th National Meeting of the American Chemical Society, Washington, DC,
Aug 1983; American Chemical Society: Washington DC, 1983; INOR 354.
(b) The reaction of Rh(y>-CgH;)(CO), with PPh; appeared in a prior com-
munication; Rerek, M. E.; Ji, L. N.; Basolo, F. J. Chem. Soc., Chem. Com-
mun. 1983, 1208.

(2) Schuster-Woldan, H. G.; Basolo, F. J. Am. Chem. Soc. 1966, 88, 1657.

(3) (a) Keeley, D. F.; Johnson, R. E. J. Inorg. Nucl. Chem. 1959, 11, 33.
(b) Basolo, F.; Wojcicki, A. J. Am. Chem. Soc. 1961, 83, 520.

ciative process. Although our suggestion predated the Tolman*
16-18-electron rule, we recognized that formation of a 20-electron
species, Rh(5>-CsH;)(CO),L, was unfavored so that some process
by which an 18-electron count at rhodium be maintained seemed
appropriate. Since the fundamental difference between Fe(CO);
and the pseudoisoelectronic Rh(n’-CsHs)(CO), is the cyclo-
pentadienyl ligand, it was felt that the cyclopentadienyl ligand
allows an associative reaction at the 18-electron rhodium center
by accepting an electron pair and creating a vacant low-energy
metal orbital to accept a pair of electrons from the entering
nucleophile.

Cramer and Seiwell® examined the kinetics of substitution for
the analogous ethylene complex, Rh(#*-CsHs)(C,H,),. Associative
substitution was observed with certain nucleophiles, and they also
felt that transfer of an electron pair from rhodium to the cycl-
pentadienyl ligand was essential in the substitution process. They

(4) Tolman, C. A. Chem. Soc. Rev. 1972, 1, 337.
(5) Cramer, R.; Seiwell, L. P. J. Organomet. Chem. 1975, 92, 245.
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envisioned this process was shown in (1). This was the first
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proposal of an #* “slipped” cyclopentadienyl ligand in associative
substitution reactions of transition-metal cyclopentadienyl com-
pounds. Recently, Casey and co-workers® have observed 7° to »!
slippage of the cyclopentadieny! ligand in a variety of compounds
when allowed to react with excess trimethylphosphine (PMe;).
One example® is Re(C;-CsH;)(CO); which adds two PMe; lig-
ands to give fac-Re(n!-CsH;)(CO),(PMe,),. The reaction pre-
sumably proceeds stepwise via Re(n*-CsH:)(CO),PMe;, although
no evidence for this intermediate was observed.

Our interest in the associative reactions of organometallic
compounds has led us to consider the 5° to »* rearrangement
mechanism in greater detail. Several ways may be envisioned to
affect the rate of substitution. First is by addition of electron-
donating or electron-withdrawing groups to the cyclpentadienyl
ring. Electron-donating groups should slow down the rate of Sy2
substitution by making the ring more electron rich, thus less likely
to accept an electron pair from the metal. We recently reported’
that the electron rich pentamethylcyclopentadieny! ligand slows
down the rate of CO substitution in Rh(n>-Cs(CHs);)(CO),
relative to Rh(n>-CsHs)(CO),. The decrease in rate was due to
electronic and steric factors, and it was not possible to separate
them quantitatively. Cramer and Seiwell® also found that
Rh(7°-C5(CH;)s)(C,H,), reacts more slowly than Rh(n®-
C;H;)(C,H,),. Addition of an electron-withdrawing group to the
cyclopentadienyl! ligand makes the ring less electron rich, which
means it should more readily accept an electron pair from the
metal and accelerate Sy2 substitution. For example,’ it is known
that the strongly electron-withdrawing cyano group accelerates
Sx2 substitution in Rh(n’-CsH,CN)(C,H,),, relative to Rh-
(7°-CsHs)(C,Hy),.

Mawby and co-workers® have shown that indenyl compounds
undergo substitution reactions more readily than do the analogous
cyclopentadienyl compounds. This is true for dissociative as well
as associative reactions. Mawby and Hart-Davis®® were the frist
to propose an n3-indenyl intermediate for the ligand-dependent
methyl migration of Mo(7°-CgH,)(CO),CHj;, and they suggested
that the aromatized benzene of the n’-indenyl ring would stabilize
such an intermediate. Others® have used this to explain the greater
lability of C,H, in Rh(»*-C,H,)(C,H,); compared to Rh(n*-
C;H;)(C,H,);. We recently reported!® that Rh(n*-C;H,) (CO),
reacts 3.8 X 10% times faster with PPh, than does Rh(n*-
CsH;)(CO),; we refer!® to this tremendous rate enhancement as
the indenyl ligand effect.

One other method of increasing the rate of Sy2 substitution
is to provide a positive charge on the complex; cationic carbonyls

(6) (a) Casey, C. P.; Jones, W. D. J. Am. Chem, Soc. 1980, 102, 6154.
(b) Casey, C. P.; Jones, W. D,; Harsey, S. G. J. Organomet. Chem. 1981, 206,
C38. (c) Casey, C. P,; O’Conner, J. M.; Jones, W. D.; Haller, K. J. Or-
ganomerallics 1983, 28, 535.

(7) Rerek, M. E,; Basolo, F. Organometallics 1983, 2, 372.

(8) (a) Hart-Davis, A. J.; Mawby, R. J. J. Chem. Soc. A 1969, 2403, (b)
White, C.; Mawby, R. J.; Hart-Davis, A. J. Inorg. Chim. Acta 1970, 4, 441,
(c) Jones, D. J.; Mawby, R. J. Ibid. 1972, 6, 157.

(9) (a) Eshtiagh-Hosseini, H.; Nixon, J. F. J. Less-Common. Met. 1978,
61, 107. (b) Caddy, P.; Green, M.; O’Brien, E.; Smart, L. E.; Woodward,
P. Angew. Chem., Int. Ed. Engl. 1977, 16, 648.
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are more susceptible to nucleophile attack then are corresponding
neutral compounds. An example!'® where this has been qualita-
tively observed is [Mo(7°-CsH;s)(CO)(NO),]* which replaces CO
with PPh, under milder conditions than does the isoelectronic
MO(T]s'C5H5)(CO)2NO.

All of these methods of altering the rate of Sy2 substitution
may be applied to 18-electron dicarbonylrhodium species, allowing
a quantitative comparison of these effects. Herein we report the
kinetics of CO substitution by PPh; in the compounds Rh(n*-
CsH,NO,)(CO);, Rh(n*-CoH;)(CO),, Rh(n*-Co(CH3),)(CO),,
and [Rh(CsH,PPh,)(CO),]*. Since creation of a vacant coor-
dination site is fundamental to catalytic processes, an under-
standing of how coordinatively saturated organometallic com-
pounds react by associative mechanisms is relevant to synthetic
and catalytic transformations.

Experimental Section

Compounds and Solvents. All experimental operations were carried
out under an atmosphere of N,. Hexanes were stored over H,SO, and
then distilled from Na/benzophenone. Toluene was distilled from Na
and then bubbled with N, for | h when used for kinetic measurements.
Tetrahydrofuran was distilled from Na/bvenzophenone, and dichloro-
methane was distilled from P,0s. Acetonitrile was distilled twice from
P,0s, and methanol was distilled from Mg. Cyclohexane was distilled
from Na.

Triphenylphosphine was recrystallized from ethanol before use in
kinetic experiments. The compounds [Rh(»*-CsH,PPh;)(CO),]BF,,!
[Rh(%*-C H,PPh;)(CO)(PPh;)]BF,,!' and Rh(n*-CsHNO,)(CO),"
were prepared by methods described in the literature and were charac-
terized by their IR and NMR spectra. Heptamethylindene was obtained
as a generous gift from Professor David Bergbreiter of Texas A&M
University. Indene (Aldrich) was reduced with NaH, and hepta-
methylidene was reduced with »#-butyllithium, for use in synthetic reac-
tions.

Rh(%*-CyH,) (CO),. A solution of 0.5 g of [Rh(CO),Cl], and 1.0 g
of NaCgH, (2.5-fold excess) in 25 mL of THF was stirred at room
temperature for 12 h. The THF was removed in vacuo, 30 mL of hexane
was added, and the solution was stirred vigorously. The solution was
filtered to remove any solids and was bubbled with CO for 30 min to
remove any Rh;(Cs-CyH,);(CO), which formed. Addition of CO rapidly
changes the solution from green (trimer) to yellow (monomer). Solvent
was removed in vacuo, and the solid was sublimed at 40 °C and 0.01
mmHg to afford 0.42 g (61%) as yellow needles: vcg = 2048, 1993 cm™!
(hexane); A, = 340 nm (e 5940) in toluene. The IR spectra agree with
that previously reported.™

Rh(7’-CH,) (CO)PPh;. A solution of 0.120 g of Rh(#*-CyH,)(CO),
in 12 mL of hexane was prepared, then 0.115 g of PPh; (1:1) was added
by ampule transfer with constant stirring. A bright yellow precipitate
immediately formed. The solution was stirred for 10 min and then
filtered to afford 0.130 g of Rh(5>-CgH4)(CO)PPh; (59%) as a bright
yellow powder. Anal. Caled: C, 66.15, H, 4.37. Found: C, 65.89; H,
4.40. veo = 1967 cm™ (hexane); Apax = 362 nm (e 6630) in toluene.

Rh(n*-C4(CH;);) (CO),. A solution of 1.0 g of Co(CH;);H in 30 mL
of THF was prepared and then 3 mL of 1.6 M n-BuLi/hexane (Aldrich,
1:1) was added, producing a deep yellow solution. After the solution was
stirred for 1 h, a solution of 0.5 g of [Rh(CO),Cl], in 10 mL of THF
was added dropwise, and after this addition the mixture was completely
stirred for 16 h at room temperature. The THF was removed in vacuo,
30 mL of hexane was added, and the mixture was stirred and filtered.
A second portion of hexane (15 mL) was added to the residue and then
filtered. The combined hexane solutions were bubbled with CO for 30
min to remove any trimeric impurities. Hexane was removed in vacuo
and the solid was recrystallized from pentane at =72 °C to afford 0.384
g of Rh(5*-C4(CHj;)7)(CO), (41.7%) as a light brown solid. The com-
pound appears to decompose upon sublimation. Anal. Caled: C, 60.36,
H, 5.92. Found: c, 60.87; H, 6.02. »co = 2020, 1967 cm™ (hexane);
Amax = 360 nm (sh, € 2750) in toluene.

Rh(n’-Cy(CH;);) (CO)PPh,. A solution of 0.100 g of Rh(n*-C,-
(CH3)7)(CO), in 5 mL of hexane was prepared and then 0.074 g of PPh;
(1:1) was added by ampule transfer. The solution was allowed to stir for
30 min while a bright orange precipitate formed and then the precipitate
was collected by filtration: collected 0.123 g of Rh(n>-Cy(CH;),)-

(10) Stewart, R. P.; Moore, G. T. Inorg. Chem. 1975, 14, 2699.

(11) Tresoldi, G.; Recca, A.; Finocchiaro, P.; Faraone, F. Inorg. Chem.
1981, 208 3103.

(12) Rausch, M. D.; Hart, W. P.; Atwood, J. L.; Zaworotko, M. J. J.
Organomet. Chem. 1980, 197, 225.
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Table I. Rate Constants and Activation Parameters for the Reaction
Rh(L)(CO), + PPh; ~ Rh(L)(CO)PPh; + CO in Toluene

AH*,  ASY,

Rerek and Basolo

Table II. Relative Rates of CO Substitution of Some
Dicarbonylrhodium Compounds and Their Carbonyl Stretching
Frequencies

compound T,°C  k, M's!' kecal/mol eu compound Keet veo, cm!
[Rh(#*-CsH,PPh;)(CO),]** 25 2.54 %102 +13.3  -21.2 Rh(#*-C.H,)(CO), 3.8 x 108 2048, 1993
16 1.20 X 1072 Rh(#*-C4(CH;);)(CO), 6.1 X 10° 2021, 1965
6  5.11%107 Rh(n’-C;H,NO,)(CO), 1.2 X 10 2067, 2011
Rh(n*-CsH,NO,)(CO), 25 1.26 120 -17.9 [Rh(n’-CsH,PPh;)(CO),J* 1.1 X 10? 2062, 2002¢
37 258 Rh(7*-C,H,)(CO), 2051, 19855
. 49 6.14 Rh(n*-C4(CH,)5)(CO), 2.2 X 1072%¢ 2020, 1967
Rh(7*-Cy(CH;),)(CO), 21 44 . 5 c —
Rh(n*-C,H,)(CO), 51 2.8 % 10¢ In CH3NO,. °Reference 22. “For L = #-Bu;.
Rh(5%-C4H,)(CO), 40 31X 104 415 -20°

4In CH,Cl,. ?Reference 2. For PEt,Ph, not PPh;.

(CO)PPh; (74.4%) as orange crystals. Anal. Caled: C, 69.30; H, 5.99.
Found: C, 69.24, H, 6.23. »co = 1953 cm™! (hexane); Ay, = 380 nm
(sh, € 5260) in toluene.

Rh(7’-C;H,NO,) (CO)PPh;. A solution of 0.058 g of Rh(n’-
CsH,NO,)(CO), in 5 mL of hexane was prepared and then 0.056 g PPh;
(1:1) was added by ampule transfer. The solution was stirred for 1 h
during which a crimson precipitate formed. The precipitate was collected
by filtration to give 0.077 g of Rh(#n’-CsH,NO,)(CO)PPh; (71.1%) as
a red powder. Anal. Caled: C, 57.27; H, 3.81; N, 2.78. Found: C,
56.53; H, 4.04; N, 2.66. vcg = 1980 cm™! (hexane); A, = 380 nm (e
1.28 X 10%) in toluene.

Instrumentation. A Perkin-Elmer Model 283 spectrometer was used
to record IR spectra, and a Perkin-Elmer Model 330 spectrophotometer
was used to record UV-vis spectra. For kinetic measurements, the time
drive mode was used. The reactions of Rh(n>-CyH,)(CO), and Rh-
(7°-C4(CH3)7)(CO), with PPh; in toluene were monitored by using an
Applied Photophysics Ltd. Model 1705 stopped-flow spectrophotometer
adapted for air-sensitive work. We were not able to obtain satisfactory
results at lower or elevated temperatures so that the activation parameters
for these two compounds were not obtained. A JEOL-270X spectrometer
was used to record NMR spectra. Compounds were stored in a Vacuum
Atmospheres glovebox, and solutions were prepared by ampule transfer.
A Neslab RTE-8 refrigerated circulating bath connected to a 1-cm-
jacketed cell holder was used to thermostat reactions of Rh(n’-
CsH,NO,)(CO), and [Rh(C5-CsH,PPh;)(CO),]* with PPh;.

Kinetic Measurement. All reactions were studied by near-UV spec-
trophotometry. Reactions of Rh(n*-CsH,NO,)(CO), and [Rh(C;-
CsH,PPh;)(CO),]* with PPh; were examined as follows: a solution of
PPh; in an appropriate solvent was added to a 1-cm quartz cell adapted
for air-sensitive work. The cell was placed in a thermostated cell holder
and allowed to equilibrate. A solution of complex (50 mL) was then
added to the cell and shaken. The compounds Rh(#*-CsH;)(CO), and
Rh(C;s-C4(CHj3),(CO), were studied by using stopped-flow spectropho-
tometry. Rate constants were determined by monitoring the increase in
absorption at A,,, of the appropriate PPh;-substituted product as a
function of time. These wavelengths are given with the preparation of
these compounds; for [Rh(#’-CsH,PPh;)(CO)(PPhy)]* A, = 380 nm.
A plot of In ((4- A4..)/(Ap — A.)) vs. time was linear for more than three
half-lives, and kgq.,y was determined from the slope of this line by the
least-squares method. The correlation coefficient of the least-squares line
(R* > 0.996) was very good. All kinetic experiments were carried out
under pseudo-first-order conditions with at least a tenfold excess of nu-
cleophile. All reactions proceed to completion to give the appropriate
PPh;-substituted product.

Results

The compounds Rh(3-CsH,NO;)(CO),, [Rh(n*-
C5H4PPh3)(CO)2]+, Rh(ns-C9H7)(CO)2, and Rh(‘r]s-Cg-
(CH,)7)(CO), all react with PPh; as shown in (2). The rates

Rh(L)(CO), + PPh; — Rh(L)(CO)PPh; + CO  (2)
L = C;H,NO,”, CsH,PPh;, CsHy, Co(CH;) 4

of reaction are first order in complex and first order in PPh; for
all compounds. Plots of kqysq vs. [PPh,] are linear with a zero
intercept, indicating no detectable dissociative substitution taking
place for (2). Table I gives the rate constants and activation
parameters. Activation parameters were not obtained for L =
CyH;™ and C4(CH,;);~ due to experimental limitations of our
stopped-flow apparatus. Table II lists the CO stretching fre-
quencies (vco) and relative rates for this reaction compared to
L = CsHs~. The relative rates of this reaction are CoH,~ >

Table III. Solvent Effect on the Rate of the Reaction
Rh(#*-CsH,NO,)(CO), + PPh; — Rh(n*-CsH,NO,)(CO)PPh; +
CO at 25 °C

solvent e, Ml em™ ky, M1 57!
tetrahydrofuran 7.58 0.963
toluene 2.38 1.26
dichloromethane 8.93 2.81
cyclohexane 2.02 3.92
n-hexane 1.88 4.44
acetonitrile 38.8 9.58
methanol 327 10.4

CQ(CH3)7‘ > C5H4N02_ > C5H4PPh3 > C5H5-. Results of a
solvent dependency study for the substitution reaction of L =
CsH,NO;™ are shown in Table III. There is a factor of ten
increase in the rate of reaction going from tetrahydrofuran to
methanol.

Discussion

All four compounds studied, [Rh(#*-CsH PPh;)(CO),]*, Rh-
(n*-CsH4NO,)(CO), Rh(n-Co(CHj),)(CO),, and Rh(n’-
C4H,)(CO),, undergo substitution of CO by PPh,, with a rate
which is directly dependent on the concentration of PPh;. The
activation parameters (Table I) for the substitution of CO by PPh,
in [Rh(n*-CsH,PPh;)(CO),]? and in Rh(n>-CsH,NO,)(CO),
support the associative nature of the reaction, especially the
negative values of AS*. Substitution of CO by PPh, in the
Compounds [Rh(nshC5H4PPh3)(CO)2]+, Rh(ns-C5H4N02)(CO)2,
Rh(n’>-C4(CH;);)(CO),, and Rh{(x’-C3H,)(CO), occurs at a faster
rate than in the parent compound, Rh(’-C,H:)(CO),. The
reasons for this rate enhancement are best understood when
considering each compound individually.

As shown in Table II, Rh(n>-C;H,NO,)(CO); reacts 1.2 X 10
times faster with PPh, in toluene at 25 °C then does Rh(zn*-
C;H;)(CO),. Although there is no question that the nitro sub-
stituent is responsible for this increase in rate, there are several
ways in which it may do so. According to the mechanism for Sy2
reactions of 18-electron cyclopentadienylmetal compounds shown
in (1), any change in the ring is expected to influence the transition
state to a much greater extent than the ground state. However,
as shown in Table II, addition of the strongly electron-withdrawing
nitro group to the cyclopentadienyl ring results in a shift of v
to higher frequency, relative to Rh(n*-CsH;)(CO),. This shift
to higher frequency is attributed to the reduced nature of back-
bonding between rhodium and carbon, making the CO bond closer
to the triple bond in free CO. The nitro group is causing the ring
to pull more electron density away from the metal in the ground
state, suggesting that the nitro compound may also have a greater
tendency to accept electron density from the metal in the transition
state, relative to the parent cyclopentadienyl compound. These
two effects may be illustrated by writing the two resonance
structures for each species in the reaction as shown in (3).

Each structure has an importance in this reaction. Mecha-
nistically, it is important to try to determine how much of a
contribution the 16-electron fulvenic structure shown in (3b) makes
to the ground state. It is known!? that 16-electron species, such

(13) (a) Basolo, F.; Chatt, J.; Gray, H. B,; Pearson, R. G.; Shaw, B. R.
J. Chem. Soc. 1961, 2207. (b) Belluco, V.; Ettone, R.; Basolo, F.; Pearson,
R. G.; Turco, A. Inorg. Chem. 1966, 5, 591.
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as Pt(II) square-planar compounds, undergo Sy? substitution
reactions readily, because the 16-electron complexes already have
the vacant orbital necessary for Sy2 attack. Atwood and co-
workers!? have reported the crystal structure of Rh{(n*
CsH,NO,)(CO),. Although there is a large degree of nonpolarity
in the nitrocyclopentadienyl ligand, suggesting some contribution
from the fulvenic representation in (3b), the Rh—C bond distances
to the cyclopentadienyl ring and the C-C bond distances in the
ring are more consistent with the cyclopentadienyl representation
in (3a).

Neither reaction path, (3a2) nor (3b) is expected to show a
dependence on solvent polarity, since there is no change in the
polarity of the transition state relative to the ground state.
However, if the resonance structure of the transition state in (3b)
makes an important contribution to reaction path 3a, then the
rates of substitution are expected to increase with increasing
polarity of the solvent. If instead the resonance structure of the
transition state in (3a) makes an important contribution to reaction
path 3b, then the rates of substitution should decrease with in-
creasing polarity of solvent. Table III gives the results of the
solvent dependence study on the substitution of CO by PPh, in
Rh(»-CsH,NO,)(CO),. A tenfold increase in the rate of sub-
stitution is observed in going from tetrahydrofuran to methanol
as solvents. With the exception of #-hexane and cyclohexane, the
rates of reaction increase with increasing solvent dielectric con-
stants. This is consistent with reaction pathway (3a), having a
contribution from the fulvenic resonance structure (path 3b) in
the transition state. Although larger rate enhancements for in-
creasing solvent polarity (40-70 times) are observed!* for organic
reactions in which developing charge separation is important in
the transition state such as the reaction of amines with alkyl
iodides, a tenfold increase suggests a large contribution from the
charged separated fulvenic transition state for the reaction of
Rh(»n*-CsH,NO,)(CO), with PPh,. The rate enhancement of 1.2
X 10* upon addition of the nitro substituent relevant to hydrogen
in the cyclopentadienyl ring is comparable to what is observed
in nucleophilic aromatic substitution. An example!® is 2,4-di-
nitrochlorobenzene which undergoes reaction with methoxide 6.73
X 10° times faster than does 2-nitrochlorobenzene in methanol.
The rate enhancement is attributed to the cyclohexadiene reso-
nance form available to 2,4-dinitrochlorobenzene which is not
available to 2-nitrochlorobenzene. This is analogous to the pro-
posed fulvenic transition state. Thus, on the basis of our present
evidence, we prefer to write the mechanism for the substitution
of CO by PPh, in Rh(n*>-C;H4,NO,){(CO), as shown in (4). The
principal effect of the nitro substituent on the rate of CO sub-
stitution in this Rh complex appears to be on the transition state,
not the ground state, although it is known that the nitro group
does affect the ground state.

(14) (a) Menshutkin, N. Z. Phys. Chem. Stoechiom. Verwandtschaftsl.
1890, 5, 589. (b) Cox, H. E. J. Chem. Soc. 1921, 119, 142. (c) Hawkins,
J. A. Ibid. 1922, 121, 1170.

(15) Miller, J.; Parker, A. J. Aust. J. Chem. 1958, 11, 302.
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Tresoldi, Recca, Finocchiaro, and Faraone!! report the syntheses
and characterizations of [Rh(5*-CsH,PPh;)(CO),]PF; and of
[Rh(#>-CsHPPh;)CO)(CPPh;)]PF;. In their communication
they report the qualitative observation that [Rh(n’
CsH,PPh3)(CO),]* reacts with PPh; under milder conditions than
does Rh(#n’-CsH;)(CO),. We have examined the kinetics of this
reaction in dichloromethane (Table I), and in accord with the
observation of Faraone and co-workers,!! [Rh(»*-CsH,PPh,)-
(CO),}* undergoes substitution of CO by PPh; 1.1 X 10? times
faster than does Rh(»*-CsH;)(CO),. This rate enhancement can
be attributed to the cationic charge on the complex. Faraone and
co-workers!! have shown by 13C NMR spectroscopy that the
triphenylphosphonium cyclopentadienylide ligand is pentahapto,
with the positive charge principally on the phosphorus atom. The
triphenylphosphonium group has an electron-withdrawing effect
on the ring, as reflected in the values of v for this compound;
they are at higher frequency than those of Rh(n*-CsH;)(CO),
(Table II). Since the rate enhancement is smaller than that
observed for Rh(7>-CsH,NQO,)(CO),, it is believed that the
C;sH,PPh; ring is not as electron withdrawing as is the CsH,NO,
ring (vide infra). The C;H,PPh, also has an ylide resonance form
which may contribute to the transition state, as is shown in (5).
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The indenyl ligand has been shown by Mawby and co-workers?
to accelerate both Syl and Sy2 substitutions of CO at metal
centers. We recently reported!® that Rh(n*-C4H,)(CO), reacts
3.8 X 108 times faster with PPh, in toluene than does the analogous
cyclopentadieny! compound, and we referred to this as the indeny!
ligand effect. This tremendous rate enhancement merits further
comment. As shown in Table II, Rh(»*-C¢H,)(CO), and Rh-
(n3-CsH;)(CO), have almost identical values of vcq, indicating
that the electronic environment at the metal is very similar. One
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fundamental question is whether the idenyl ligand is trihapto or
pentahapto, giving rise to a 16-electron or 18-electron metal
compound, respectively. If the indenyl complex is a 16-electron
species, comparison with Rh(>-CsH;)(CO); is inappropriate.
Kohler!® has shown that 13C NMR is an effective method for
distinguishing between »* and #° indenyl ligands. The key to
making this distinction is the resonance positions for C(8) and
C(9) (quarternary carbons). In general, if these resonances occur
at a higher field than the arene C-H resonances, they are bonded
to the metal center. This is also true for fluorenylmetal com-
pounds.!” We observe the resonances for C(8) and C(9) at 118.3
ppm, relative to Me,Si, which is in the metal-coordinated range.
Nixon and Eshtiagh-Hosseini®® observed this resonance at 112.3
ppm for Rh(n*-C4H,)(C,H,), and concluded that the indenyl
ligand is pentahapto, as do we. Since the indenyl and cyclo-
pentadienyl compounds are similar, the tremendous difference in
rate must be due to a difference in their transition states for
substitution reactions. The mechanism of Sy2 reactions of in-
denylmetal compounds, first proposed by Mawby and Hart-Da-
vis,% is shown in (6). The complete aromatization of benzene
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in the transition state is said to be the reason for the large rate
enhancement of indenyl over cyclopentadienyl in these substitution
reactions. That rhodium is particularly effective in allowing an
7°-to-n° shift may reflect the ease with which rhodium forms allyl
species. An example! is the facile isomerization of 1,3 and 1,4
dienes by Rh(I) which proceeds via allylic hydride species.
Further information on the indenyl substitution process can be
gained by adding substitution groups to the five-membered ring.
We have prepared the new heptamethylindeny! compound Rh-
(7°-C4(CH;)7)(CO), by reaction of Rhy(C0),Cl, with LiC4(CH;),
in THF at room temperature. The compound was characterized
by IR, NMR, and UV-vis spectroscopy and elemental analyses.
Unlike the indenyl analogue, it decomposes upon sublimation. The
solid is stable at room temperature under N, for periods greater
than 6-9 months. Methyl substitution makes the ring more
electron rich; vcq shifts to lower frequency relative to Rh(%’-
CyH,)(CO), (Table II). It is interesting to note that whereas
Rh(n>-CoH;)(CO); and Rh(7*-CsH;s)(CO), have almost identical
vcos 80 do Rh(7*-Cy(CHj3),)(CO); and Rh(7*-C5(CH;)5)(CO),.
Methyl substitution of the indenyl ring results in a decreased rate
of CO substitution; Rh(5’-CyH,)(CO), reacts 6.3 X 102 times
faster with PPh; than does Rh(»n*-Cy(CHj,3);)(CO),. When com-
pared with Rh(n’-CsH;)(CO), the indenyl ring still dominates;
Rh(7*-Co(CH3);)(CO), reacts 6.1 X 10° times faster with PPh,

(16) Kohler, Y. H. Chem. Ber. 1974, 107, 570.

(17) Treichel, P. M.; Johnson, J. W. Inorg. Chem. 1977, 16, 749.

(18) Arthurs, M.; Sloan, M.; Drew, M. G. B.; Nelson, S. M, J. Chem. Soc.,
Dalton Trans, 1975, 1794.
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than does Rh(7>-CsH;)CO),. The heptamethylindenyl ligand is
not as sterically demanding as is the pentamethylcyclopentadienyl
ligand, since Rh(»*-C4(CHj3),)(CO), reacts readily with PPh,
while Rh(43-Cs(CH;)s)(CO), does not react with PPh; even at
higher (70 °C) temperatures.” Presumably PPh, cannot approach
close enough to Rh in Rh(#’>-C5(CHj;);)(CO), for Sx2 substitution
to occur. For this reason we attribute the decrease in rate going
from indenyl to heptamethylindenyl as primarily electronic in
nature, and this supports the mechanism shown in (6).

Conclusions

A growing body of work!25® has established a good deal of
support for the #°-to-n’ slippage mechanism for associative sub-
stitution reactions of indenyl and cyclopentadienyl compounds.
An n-cyclopentadienyl ring has been observed!® during the matrix
photolysis of Fe(n’-CsH;)(CO),CH;. Hiittner and co-workers??
have isolated an #n*-cyclopentadienyl compound W(y*-
CsH;)(p*-CsH;)(CO),, and the indenyl analogue was prepared
by Nesmeyanov and co-workers.?!  We find that changes in the
electronic nature of the cyclopentadienyl ring can increase or
decrease the rates of CO substitution at the metal center.
Electron-withdrawing substituents such as nitro or triphenyl-
phosphonium increase the rate of CO substitution relative to
cyclopentadienyl. The indenyl ligand effect shows a rate en-
hancement of 3.8 X 108 times for the indenyl ligand relative to
cyclopentadienyl, but methylation of the ring reduces this rate
enhancement to 6.1 X 10° times. Since Rh(»n>-Co(CH,);)(CO),
reacts readily with PPh; while Rh(53-Cs(CH,)s(CO), does not
react, the heptamethylindenyl ligand would appear to offer less
steric hinderence at the metal center than does the penta-
methylcyclopentadienyl ligand. The rates of CO substitution from
the Rh(CO), moiety may be written as indenyl > hepta-
methylindenyl > nitrocyclopentadienyl > triphenylphosphonium
cyclopentadienylide > cyclopentadienyl > pentamethylcyclo-
pentadienyl. This list covers a factor of 10!° in terms of the rate
of CO substitution from these compounds. Such studies point
the way to further rate enhancements of substitution reactions
of organometallic complexes, which has to provide important
information relevant to homogeneous catalysis and to syntheses
of new organometallic compounds.
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