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justified by the existing data on this system. In summary, this 
is the first direct evidence of ISC from the S2 state. 
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Square-planar complexes provide one of the foundations of 
inorganic and organometallic chemistry.1 Reactivity studies of 
square-planar complexes have centered on substitution1 and ox
idative addition reactions.1'2 In the course of our studies of 
iridium(I) complexes,3 we have discovered an extremely facile 
ligand-exchange process for the complexes ^a-W-Ir(CO)L2X (L 
= P(p-tolyl)3 and PMePh2, X = Cl, Me, or OMe). 

The compounds fra/u-Ir(CO)(P(/-'-tolyl)3)2X, X = Cl, Me, and 
OMe, have been previously reported.3,4 The characterizations 
are consistent with those previously reported.4 trans-\r{CO)-
(Cl)(PMePh2J2 was prepared by ligand exchange on trans-lr-
(CO)(Cl)(PPh3)2.5 The methyl complex fra/w-Ir(CO)(Me)-
(PMePh2)2 was prepared from the chloride by the same procedure 
as for rra«s-Ir(CO)(Me)(P(/Holyl)3)2.

6 The main technique used 
in this study is 31P NMR spectroscopy; Table I contains the 31P 
resonances of the complexes and free ligands. 

In a typical reaction (represented for the methyl compounds), 
25 mg of rra«5-Ir(CO)(Me)(P(/)-tolyl)3)2 and 25 mg of trans-
Ir(CO)(Me)(PMePh2)2 were placed in an NMR tube equipped 
with a vacuum adaptor, which was then removed from the in
ert-atmosphere glovebox and placed on a high-vacuum line. The 
solids were evacuated and cooled to N2(I) temperature, and 1.0 
mL of CD2Cl2 was added by vacuum distillation. The sample 
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Figure 1. 31P NMR spectra recorded at four temperatures for a mixture 
of trans-lr(CO)(C\)(P(p-lo\y\)3h (22.4 (s) ppm) and fra-w-Ir(CO)-
(Cl)(PMePh2)2 (10.0 (s) ppm). Even at -70 0C, these are fully ex
changed with formation of rww-Ir(CO)(Cl)(P(p-tolyl)3)(PMePh2) (2 
d, 23 and 10 ppm). As the temperature is warmed, the exchange be
comes rapid. 

was placed frozen in the NMR instrument (Varian VXR-400) 
and monitored from -70 0 C to room temperature by 31P NMR 
spectroscopy. Figure 1 shows spectra for a typical reaction. Proton 
spectra were also recorded but were quite complicated, and we 
did not attempt assignment. 

For each reaction of rra«5-Ir(CO)(P(p-tolyl)3)2X with trans-
Ir(CO) (PMePh2)2X, three species are present in approximately 
statistical amounts at -70 °C: //-anj-Ir(CO)(P(p-tolyl)3)2X, 
fra/w-Ir(CO)(PMePh2)2X, and frans-Ir(CO)(PMePh2)(P(p-
tolyl)3)X.7 The mixed phosphine complex shows two doublets 
with coupling (./p_p £ 300 Hz) typical for trans phosphines.8 

(7) Integration of the -70 0C 31P NMR spectrum for reaction of trans-
Ir(CO)(Cl)(P(p-tolyl)3)2 with <ra/u-Ir(CO)(Cl)(PMePh2)2 in a 1:2 ratio re
sults in a 1:3:4 ratio of <ra/u-Ir(CO)(Cl)(P(>tolyl)3)2, Wa-U-Ir(CO)(Cl)-
(PMePh2), and rranj-Ir(CO)(Cl)(Pi>tolyl)3)(PMePh2). 
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Thus, even at -70 0C, the phosphines are fully exchanged. As 
the temperature is increased, the rate of exchange becomes com
petitive on the NMR time scale and broadened resonances are 
observed. 

/ra/w-Ir(CO)(P(p-tolyl)3)2X + /ra/w-Ir(CO)(PMePh2)2X *± 
2fra/w-Ir(CO)(P(p-tolyl)3(PMePh2)X 

Very similar exchanges are observed between complexes with 
different X groups. Reaction between fra/w-Ir(CO)(Me)(P(p-
tolyl)3)2 and //-a/w-Ir(CO)(Cl)(PMePh2)2 results in a statistical 
mixture of f/-a/is-Ir(CO)(Cl)(PMePh2)2, trans-Ir(CO)(Me)-
(PMePh2)2, i/ww-Ir(CO)(Cl)(P(p-tolyl)3)2, fra/w-Ir(CO)-
(Me)(P(p-tolyl)3)2, fra/w-Ir(CO)(Cl)(PMePh2)(P0j-tolyl)3), and 
rra/w-Ir(CO)(Me)(PMePh2)(PO>-tolyl)3) at -70 0C. In this re
action the spectra remain sharp at room temperature. Reaction 
of f/-a/w-Ir(CO)(OMe)(P(p-toIyl)3)2 with trans-lr(CO)(Cl)-
(PMePh2)2 also leads to the full range of exchanged products. In 
this reaction, by -30 0C all of the resonances broaden. 

The reactions described above show a surprisingly facile in-
termolecular exchange process. Formation of the mixed phosphine 
product requires that the phosphine is the group transferred. 
Square-planar complexes are known to undergo facile associative 
substitution.1 Although a phosphine bridging two metals is not 
common, an association with bridging X groups leading to 
phosphine exchange would be possible. However, a dependence 
on the bridging group X might be expected. For X = Me, OMe, 
or Cl, the exchange has been completed by -70 0C. An alternate 
possibility would be phosphine dissociation from a square-planar 
complex producing Ir(CO)LX and L.*"11 The L could then 
exchange with other iridium complexes leading to effective L 
transfer. Dissociation of PPh3 from Rh(Cl)(PPh3)3 was shown 
to occur with a rate constant of 0.71 s"1,10 although the equilibrium 
constant for PPh3 dissociation is ~10"7 M.9 A very small 
equilibrium constant would be consistent with our inability to 
observe free L in our reactions. Other examples of phosphine 
dissociation from square-planar complexes have not been reported. 
When excess PMePh2 is added to rra/u-Ir(CO)(Cl)(P(/>-tolyl)3)2 
at -70 0C, the spectrum is invariant as one warms the sample to 
room temperature, with free P(tolyl)3 and a broad resonance at 
-16.2 ppm that is probably due to the five-coordinate complex 
Ir(CO)(Cl)(PMePh2)3. The same species is formed by addition 
of PMePh2 to fra/w-Ir(CO)(C!)(PMePh2)2. Addition of P(/>-
tolyl)3 to <ra/ir-Ir(CO)(Cl)(P0vtolyl)3)2 at a 0.1 molar ratio shows 
31P resonances for free P(p-tolyl)3 and fra/w-Ir(CO)(Cl)(P(/?-
tolyl)3)2 at -70 0C, but both are broadened significantly. 

We cannot completely exclude exchange caused by reaction 
of the square-planar complexes with traces of free phosphine. The 
samples used are recrystallized, show no trace of free phosphine 
in the 31P spectrum, and show no time- or temperature-dependent 
NMR spectra. Thus it is unlikely that free phosphine is responsible 
for these reactions. 

On the basis of the similarity in the rates to those observed for 
addition of free phosphine and the known phosphine dissociation 
from Rh(CI)(PPh3)3, it is probable that the rapid phosphine ex
change observed between square-planar iridium complexes occurs 
through dissociation of phosphine from an iridium and subsequent 
associative reactions of the free phosphine with square-planar 
complexes. 
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The traditional notion that the rates of Diels-Alder reactions 
are insensitive to solvent effects' is certainly false in aqueous 
media.2"6 For example, rate accelerations of 741 and 6805 have 
been obtained in water for the reactions of cyclopentadiene (CP) 
with methyl vinyl ketone (MVK)2" and a quinone.6 Suggested 
origins of the effects are hydrophobic association,2'4,6 micellar 
catalysis,3"'6 high internal solvent pressure,30 solvent polarity,5 and 
hydrogen bonding.7 In order to probe this phenomenon further, 
we have carried out Monte Carlo simulations to compute the 
changes in free energy of solvation (AG501) during the reaction 
of CP and MVK in liquid propane, methanol, and water. 

The approach is an updated version of our efforts on SN2, 
addition, and association reactions.8 To begin, ab initio molecular 
orbital calculations were used to determine the minimum energy 
reaction path (MERP) in the gas phase. Houk and co-workers 
previously found only minor variations in transition-state (TS) 
structure for the reaction of 1,3-butadiene and acrolein when 
optimized at the 3-21G, 6-31G(d), and MP2/6-31G(d) levels.9 

Accordingly, we located the four transition states for CP plus 
MVK corresponding to MVK being s-cis or s-trans and the ap
proach being exo or endo with the 3-21G basis set, and 6-31G-
(d)//3-21G calculations were subsequently performed.10 Con
sistent with the acrolein precedent,9 the endo-cis TS was found 
to be lowest in energy. This TS provided a starting point for the 
reaction path following procedure in GAUSSIAN 90 that traces the 
MERP from TS to reactants and product.11,12 Essentially, a movie 
containing 65 frames was obtained covering reaction coordinate 
(/•c, defined as the average of the lengths of the two forming C-C 
bonds) values from 1.5 to 8.2 A. Four frames are condensed in 
Figure 1. 

The next issue is the intermolecular potential functions for the 
fluid simulations. Well-proven potentials for the solvents are 
available; the TIP4P model was adopted for water along with the 
OPLS potentials for propane and methanol.13 The latter employ 
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