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Properties of dirhodium catalysts with cyclometalated aryl phosphine ligands have been studied. We report here
the study of the acid—base reaction of Rhy(RCO,),(PC)(H.0), catalysts (PC = cyclometalated aryl phosphine)
with different Lewis bases. The determination of the equilibrium constants of these reactions can be used to study
to which extent the properties of the axial coordination site of the catalyst, considered the active site, are affected
by modification of the metalated phosphines, the carboxylate ligands, or the incoming axial ligand. The trends in
the computational density functional theory interaction energies show good agreement with the major trends in the
equilibrium constants, thus enabling a further study of the influence of the modification of the ligand core.

1. Introduction

There is a large selection of catalytic reshitsfor
decomposition ofi-diazocarbonyl compounds mediated by
bis-cyclometalated dirhodium compounds of formula
Rp(RCG,),(PC), (PC = cyclometalated aryl phosphine). It
is generally accepted that in dirhodium (ll,11) complexes
the catalytic center is the axial coordination site, which

to have a significant effect on the initial carbene forma-
tion, and therefore on the overall reaction pathwajow-
ever, it has been difficult to establish detailed informa-
tion about the effect of ligand modifications in the com-
plex on its catalytic behavior. Locating full reaction path-
ways is always a difficult and time-consuming task, both
experimentally and computationally, although examples of

stabilizes the transient carbene prior to the nucleophilic attacksuch studies exist for reactions catalyzed by dirhodium

that will create the €C bond. This initiation step appears

to govern the reactivity of these catalysts in carbene-transfer

complexes? 12
A suitable selection of a simplified model system can help

reactions® The structure of the ligand core has been found in acquiring information on the most important properties
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of the catalysts. A model system can be consistently altered,
and it will be easier to correlate experimental and compu-
tational results. In a previous publication, we have described
computational structural and electronic trends involved in
the modification of the catalyst ligand core of cyclometalated
dirhodium(ll,11) complexes including two axial water ligands.
Exchange reactions of the axial pyrazole and imidazole
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ligands in dirhodium(ll,Il) complexes with metalated phos- obtained by the expressiefiog K») = [e(log 51)? + (log 2)?]*/2.
phines have also been studied eadfer. Similarly, the change in the visible spectra of rhodium(ll) tetra-
We report here the evaluation of the electronic properties carboxylates, resulting from the addition of a Lewis base, has been
of ortho-metalated dirhodium(ll,1l) complexes by experi- previously used Tor determination of the gquilibrium copsté?lts.
mental determination of equilibrium constants for the adduct _2-2: Computational Methods All calculations were carried out
formation between the dirhodium compounds and a Lewis with the Gaussian0%rogram packagé. The DFT level with the

. nonlocal hybrid density functional B3PW&#3 was selected for
base that could be used to model the rhodiarbene the quantum chemical studies. The basis set was comprised of a

coordination. Calculations at the density functional theory gy gart-Dresden effective small core potentizdugmented with
(DFT) level have been performed to detect trends betweenan extra p-polarization function for rhodium [SDD(p)] and a
experimental and related calculated parameters. The resultstandard all-electron basis set 6-31G* for other atoms. The system
obtained forcompounds of the general typg(RICO,)4-n(PC),, had been found to be reliable in the previous preliminary study on
(n = 0—2) and a pyridine Lewis base are presented. The the structural and electronic trends in dirhodium(ll,Il) compouids.
effect of other related bases has also been studied. The workrequency analysis with no scaling was performed to ensure that
represents a systematic search of the factors affecting thethe optimized stationary points located were minima.

properties of the catalysts upon modification of the environ- ~ We studied the effect of modifying the ligand core on the
ment of the active site. properties of the active site by calculating the interaction energies

for a set of reactions with model bases (eqs 1 and 2) wRage=
2. Methods and Models

2.1. Experimental Details.All of the bis-cyclometalated com-
pounds RHRCQO,)(PCy-2RCQOH were prepared by literature Rh,(H,0)L + L =Rh,L, + H,0 (2)
methods'> 18 using dirhodium tetraacetate and the corresponding
phosphines as starting materials. The trifluoroacetate and pivalateRh,(RCQy),(PC). In the calculated compounds, various R groups
derivatives were prepared by an exchange reaction between thein the carboxylates as well as different X groups in the phosphine
corresponding acid and the RRCQ,),(PC)-2RCQH compound® rings were utilized (see Scheme 1). Also the effect of changing the
The replacement of axial carboxylic acid by water molecules was axial ligand L was considered. The modifications were chosen to
achieved by stirring an acetone solution of the acid adduct in the represent different electronic environments of the active rhodium

Rh,(H,0), + L = Rh,(H,O)L + H,0O 1)

presence of sodium carbonate for 2 h. sites.
The replacement of water molecules by N-donor ligands (Scheme
1) was easily followed by UV visible spectroscopy. (20) Drago, R. S.; Long, J. R.; Cosmano,lRorg. Chem1981, 20, 2920.

A number of solutions with the same concentration of the water (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
dduct of the dirhodium compound & 10-4 mol dn3) were M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
adau p K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,

prepared in each case. Increasing amounts of ligand were added to  V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
each of these solutions, producing ligand concentrations from 0 to A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;

1 x 101 mol dm3. In these conditions, the absorbance spectra of :ésﬁgeivéa’,\j'f lfih'ia.’ m.];ol)\(la‘l;aj;zm -aHI;;trh?gr? aHY'I;DK'tg?c’)S%; "]\laga."’

all of the solutions were recorded (Figure 1). Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
Equilibrium constants, at room temperature, for the two reactions O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.

: ; Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
were calculated from a best fit of the absorbance data in the range Zakrzewski, V. G.. Dapprich. S.: Daniels, A. D.: Strain, M. C.: Farkas,

of 400-800 nm using Hyperquad 2000. All of the obtained O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
equilibrium constants are presented in Figure©2The second B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
equ”ibrium Constanﬂ,(zl was obtained by the expressiﬁp: K2K11 Stef:-_mov, B. B.; Liu, G,; Lla_shenko, A.; Piskorz, P.; Komaromi, |.;
hereK, = 3,/K;, and the imprecision related to this constant was Martin, R. L., Fox, D. J.; Keith, T.; Al-Laham, M. A, Peng, C. ¥.;
w 2 20\, p Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 03revision
(14) Starosta, R.; Pruchnik, F. P.; Ciunik, Zolyhedron2006 25, 1994. C.02; Gaussian, Inc.: Wallingford, CT, 2004.
(15) Chakravarty, A. R.; Cotton, F. A.; Tocher, D. A.; Tocher, J. H. (22) Becke, A. D.J. Chem. Physl993 98, 5648.
Organometallics1985 4, 8. i (23) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.
(16) BarceloF.; Lahuerta, P.; Llusar, R.; Sanau.; Schowtzer, W.; beda, (24) Basis sets were obtained from the Extensible Computational Chemistry
M. A. Organometallics1987, 6, 1105. Environment Basis Set Database, Version 02/02/06, as developed and
(17) Lahuerta, P.; Payd.; Pellinghelli, M.; Tiripicchio, A.Inorg. Chem. distributed by the Molecular Science Computing Facility, Environ-
1992 31, 1224. mental and Molecular Sciences Laboratory, which is part of the Pacific
(18) GonZtez, G.; Martnez, M.; Estevan, F.; GaeBernabeA.; Lahuerta, Northwest Laboratory, P.O. Box 999, Richland, WA, and funded by
P.; Peris, E.; bBeda, M. A; Daz, M. R.; Gar@-Granda, S.; Tej&n, the U.S. Department of Energy. The Pacific Northwest Laboratory is
B. New J. Chem1992 31, 5336. a multi-program laboratory operated by Battelle Memorial Institute
(19) Estevan, F.; Lahuerta, P.iee-Prieto, J.; Sarfal.; Stiriba, S. E.; for the U.S. Department of Energy under Contract DE-ACO06-
Ubeda, M. A.Organometallics1997, 16, 880. 76.RLO1830. Contact Karen Schuchardt for further information.
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Adducts of [RB(RCQO,)4-n(PC)] (n = 0—2) with Lewis Bases
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Figure 1. Absorbance spectra for different solutions ofafH;COy).- .
(PCx2H,0 (5 x 10~4 mol dm~3) with different quantities of 3-COMepy. 40.0
All of the solutions were prepared in CHCAt room temperature. .
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= 1] 7 C‘;:'é cH Figure 3. (a) logK; and logK; for different axial ligand adducts with the
0 +—"— g lc):—ﬁFsz 64 complex RR(CH3CO,),[(CeHa)PPh]5(H20).. (b) Computational reaction
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energies for the RICH3;CO,),[(CeH4)P(CHs)2]2(H20), complex.
Figure 2. log K1 and logK; values for the RERCO,)2[(CsH4)PPh].-

(H20). complexes with different R groups. 7'0: .
3. Results and Discussion 6'0_ '

Two different equilibrium constantk; andK,, have been E» 501 . m
determined (Scheme 1). For synthetic convenience, sym- 40 6 acom
metric phosphines, B{XCgsHs)s (X = H, CHs, OCHs, F, S —oery
CFs), were mainly used. A few compounds with n( g o 3 py
XCeHa)s (X = CHs, CFKs) were also studied. In the latter ] : : 17 3.cOMepy
cases, the phosphines are known to react with activation of 2,07 °
the C-H bondpara to the substitueri® 15 16 A 17

The relative difference between the stability of the Compound

compounds was examined by measuring the equilibrium Figure 4. log K; and logk: for different axial ligand adducts with RICF:-
constants (Figures-29) for the model reactions presented CO.)2[(CeHs)PPR]2(H-0). complexes. py= pyridine; Me-Im = N-

in egs 1 and 2. In order to compare the influence of the H‘dei:‘ey"ﬂ‘;ggﬁi_“éﬁﬁ&?fmiﬁfﬁ%wggge; 4-MeCOpy- 4-acetylpy-
metalated phosphine as a ligand, selected tetracarboxylates

were also studied. indicates that the electronic effects are transmitted via the
3.1. Bis-cyclometalated Dirhodium Compounds. 3.1.1.  Rh—Rh metal bond and the coordination of one pyridine at
Modification of the Carboxylate. It has been observed that one metal center considerably decreases the coordinating
a change in the carboxylate group (R in Scheme 1) in ability of the second pyridine. Similar weakening of the
compounds of the formula RIRCQO,)(PC) has an important ~ second coordination via an axidatans effect has been
influence on their catalytic propertiésTherefore, at the  suggested for the rhodium tetracarboxylate compodéhds.
first stage, we studied the effect of different carboxylate We have separated the data for aliphatic-¢) and
groups on the formation of pyridine adducts (Figure 2 and aromatic {—9) carboxylate groups. In the first block, we

Table 1). observe roughly increasiri¢; andK; values when electron-
Figure 2 represents the logarithm of the equilibrium withdrawing substituents are attached to the carboxylate
constantsK; and K; for the different RB(RCO,)2[(CsH4)- groups. However, thK;, values follow two separate trends:
PPh]. compounds (for complete tables, see the Supporting electron donor by one side and withdrawing groups by the
Information). other. The same tendency could not be observed for the
The first observation from the data included in Figure 2 compounds with aromatic carboxylates; introducing a with-
is thatK; is always 2-4 orders of magnitude larger th&a. drawing substituent in the aromatic ring produced a slight

In these compounds, both axial positions are equivalent. Fordecrease in thé&; value @ < 7). On the other hand, in
this reason, the difference in tig andK; values cannot be  agreement with the above-mentiorteans effect, the trend
explained attending to steric effects. Instead, this fact in theK; value is the opposite3(> 7). TheK; andK; values

(25) Lahuerta, P.; Martinez-Manez, R.; Paya, J.; Peris, E.; Diazngvg. (26) Pirrung, M. C.; Liu, H.; Morehead, A. T., Ji. Am. Chem. So2002
Chim. Actal99Q 173 99. 124, 1014.
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Figure 6. log K; and logK; values for the meta- and para-substituted

phosphines in the RECH,CO2)[(XCaHa)P(XCsHa)a]o(H20)» complexes. an effective overlap is not possiblle. This. affirmaFion is
TR e supported by the X-ray andF NMR information obtained

4 for this compounéf and also by computationally optimized
<& geometries, where the fluorobenzene group was twisted by
8 2] _- - y =1.45046+3.04724 x 42° from the plane of the carboxylate group (see below), in
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Figure 7. Hammett correlation analysis for the equilibrium constépnt
according to the substitution site of the metalated ring in selected
bis-cyclometalated compounds. Rh Rh Rh

obtained for compoun@® are slightly different from those

of the other compounds with aromatic rings in the carboxy- Trends very_similar to those. for the quilibrium qonstants
late. This fact can be explained by the different structure of ¢&n be found in the computational reaction energies (Table

this compound related to the other aromatic carboxylate 1)- TWO main observations can be seen: the required energy
compounds. Because aromatic rings are more polarizablef©r the firstreplacement reactlonle, IS al\{viys smallelrthan
than aliphatic moieties, the aromatic rings can overlap AE;, and substituting carboxylates with more electron-

through ther system with the metal centers. In this.way, (27) Hansch, C.. Leo, A Taft, R. WChem. Re. 1991, 91, 1965.
the orbital of the metal center and the carboxylate can interact(28) Lahuerta, P.; et al. Unpublished results.
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Table 1. Computational Reaction Energies and Gibbs Free Energy
Values for Pyridine Adducts with Selected Dirhodium(ll,Il) Complexes
Rhp(RCQOy)2[(CeHa)PP] 2(H20)2

Table 3. Computational Reaction Energies for Different Axial Ligand
Adducts with RR(CH3COy)2[(p-XCeH3)P(p-XCsHa)2]2(H20), Complexes
with Pyridine as an Incoming Ligand

AE; AE> AGl(gga K) AG2(298 K) compd X AE; [kJ morl] AE> [kJ morl]

compd R [k molr1] [kImol1l] [kImol 1] [kJmol1] 18 MeO 216 29.3

1 C(CHga)s 26.6 31.9 31.4 43.9 19 Me 22.5 30.1

2 CHs 21.1 28.4 31.1 40.8 20 SiMe; 22.8 29.4

3 CK 15.9 18.7 26.3 31.7 2 H 21.1 28.4

7 Ph 215 24.7 29.0 35.6 22 CK 14.5 21.1

8 p-NO2Ph 14.4 20.0 28.1

9 CeFs 18.0 23.7 30.8

selection of the axial ligands, which were again chosen to
give information on the basic nature of the ligands. Figure
3b shows the results for the calculated reaction energies. The

Table 2. Computational Reaction Energies for Different Axial Ligand
Adducts with the Complex RUCH3;CO,)2[(CsHa)PPh]2(H20),?

AE; AE, AGipesky  AGoposk) value_s forAEl.a.nd AE; are rgther similar for all of the
compd L [kdmor1] [kJmol1] [kJmol1] [kJmol1] substituted pyridines as axial ligands but follow roughly the
10 icnt -30.8 -9.3 —23.6 -3.3 basicity of the ligands. The largest changes correspond to
1% 4-MeCOpy 221211 ;gf 3213;1 207-;3 the isocyanide ligand, in agreement with the experimental
py . . . . s .
13 4-CRpy 527 265 281 328 equilibrium constants, and to 2-methylpyridine, where the

relatively weaker interaction results from the steric bulk
caused by the methyl group in the 2-position. Furthermore,
the results show a cooperative effect that influences the
withdrawing groups enhances the strength of the interactionrelative values of the first and second equilibrium constants.
at the axial site. Similar to the equilibrium constants, the Stronger interaction at the first axial site induces weaker
latter effect is most clearly seen with the aliphatic carboxy- interaction at the second one, and vice versa. It should be
lates, where this is true for both reactions. Within aromatic noted that the values for the smallerReH;CO,),[(CsHa)P-
rings, the preference for withdrawing groups is also more (CHs)z]2(HzO). differ only slightly from the values calculated
or less true, but here the steric effects make a complication,for Rny(CHsCO,),[(CeHa)PPh]2(H20); thus, the conclusions
especially for the second substitution, and thus, for example, are also valid for the larger phosphine.
a very bulky GFs corresponds to the same amount of energy ~ As an extension of these studies, we have also evaluated
AE; as that of GHs. It should be noted that the general trend the influence of the axial ligand on the bis-cyclometalated
is similar within the calculated Gibbs free energy values than dirhodium(ll,Il) compounds RICFCO;);[(CeHa)PPh]..
with the relative energies even though the actual values areThe logarithms of the equilibrium constarits andK; are
slightly larger. represented in Figure 4. In these compounds, a clear tendency
3.1.2. Modification of the Axial Ligand. We also studied  for theK; andK values could be observed with the character
how different donor ligands coordinate the same dirhodium- of the incoming ligand, an& values increase in the order
(I,11) compound RR(CH;CO,)2[(CeHa)PPR]2(H0). Inad-  3-COMepy < py < 4-COMepy < Me-Im. Therefore, the
dition to pyridine, we selected various ligands with different constant values appear not to follow only the basicity offer,
donor properties (Figure 3). Computational results for but the ability of the axial ligand to behave as acceptor
selected axial ligands are presented in Table 2. could play an important role in the stability of the adduct.
We can observe how different axial ligands present very This effect is higher for the first coordination than for the
different values of the equilibrium constant. From these second one in all of the cases.
values, we can remark on the low coordinating ability of ~ 3.2. Modification of the Phosphine. 3.2.1. Effect of the
the NH,Ph ligand compared to pyridine and substituted Substituent in the Para Position of the Aromatic Ring.
pyridine ligands. In fact, the NiPh ligand is not able to  In this section, we will present the results oriented to study
completely form the bis-adduct even with a large excess of the influence of the metalated phosphine on the coordinating
ligand, which is why the second equilibrium constant was ability of the bis-cyclometalated dirhodium(ll,Il) compounds.
not evaluated. We will present first the results obtained for compounds with
On the other hand, the isocyanide ligand showed the differentpara-substituted phosphines of formula RaHs-
highest value for botlK; andK,, compared with the other =~ CO2)2[(p-XCeH3)P(p-XCeHa)z]. The equilibrium constant
cases. These are consistent with the hightack-bonding values are plotted in Figure 5, and the computational reaction
ability of axial isocyanide ligands compared to other nitriles €nergies are shown in Table 3.
previously found in dirhodium tetracarboxylate comple¥es. ~ Only a small variation in the different X groups on the
In addition to the DFT reaction energies presented in Table phosphine ligand was observed in valuekef{Figure 5a),
2 for the RR(CHsCOy)2[(CsH4)PPhH]2(H-0), complex, we but an increase of thi€; andK; values with the withdrawing
calculated the energies for the replacement reactions in acharacter of the X group could be known by intuition. Again,
computationally less demanding phosphine(Rk;CO,),-
[(CeH4)P(CH)2)2(H20),. This allowed us to extend the

apy = pyridine; icnt= tert-butylisocyanide; 4-MeCOpy 4-acetylpy-
ridine, 4-Ckpy = 4-(trifluoromethyl)pyridine.

(30) pKp values: (a) 3-COMepy, 11.81. Bonire, J. J.; Jalil, N. S. N.; Ayoko,
G. A,; Omachi, A. A.Appl. Organomet. Chen1996 10, 369. (b)
4-COMepy, 10.50; py, 8.71. Steffen, W. L.; Palenik, Gndrg. Chem.
1977, 16, 1119. (c) Imidazole, 7.2. Hayward, G. C.; Hill, H. A. O;
Pratt, J. M.; Williams, R. J. P]. Chem. Soc. A971, 196.

(29) Eagle, C. T.; Farrar, D. G.; Pfaff, C. U.; Davies, J. A.; Kluwe, C.;
Miller, L. Organometallics1998 17, 4523.
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Table 4. Experimental Equilibrium Constants and Computational Reaction Energies for Pyridine Adducts with Selected Dirhodium(ll,Il) Complexes

|Og ﬂl AE; AE>
compd X R (B1=Ka) log 52 log K2 [kJ mol~1] [kJ mol~1]
19 CHs CHs 4.10+ 0.03 5.19+ 0.04 1.09+ 0.05 22.5 30.1
22 CK; CHs 4.89+ 0.08 7.76+ 0.08 2.87+0.11 14.5 21.1
2 H CHs 4.994+ 0.03 6.52+ 0.03 1.53+ 0.04 21.1 28.4
3 H Ck 5.207+ 0.1 7.905+ 0.1 2.70+£0.14 15.9 18.7
27 H CFK; 11.2 12.8
28 NO. Ck 4.9 6.0

a Modified phosphine: RHCFCO,),[(p-XCeH3)P(CR)2], computationally designed.

the effect is more clearly seen in the compounds of the tapje 5. computational Reaction Energies for Pyridine Adducts with

formula RB(CRCO,),[(p-XCeH3)P(p-XCsH,),] (Figure 5b).
If we compare thé&;, values of the CECO, carboxylate for

Selected Mono-metalated REHsCO,)s[(p-XCeH3)P(p-XCoHa)-]
Complexes

the analogue compounds with acetate, an increase of around compd X L AE; [kJ mol~1] AE; [kJ mol~1]
1 order of magnitude is observed. Also, computationally, the 31 H py -8.1 13.8
effect of para substitution is very small, except for the most 33 Ch py —91 11.4

electron-withdrawing group Gf which shows stronger
interaction for both coordinations.

3.2.2. Effect of the Substituent in theMeta Position of
the Aromatic Ring. Here we present the results obtained
for compounds with differenimetasubstituted phosphines

theK; andK; values increase when the ggroup is present.
However, this increase is larger when the;Gjfoup is
present in the phosphine ring rather than in the carboxylate

group.

of formula RB(CHsCO,),[(M-XCeHs) P(MFXCgHa)2]. We can Because both experimental and computational studies
compare the results of these equilibrium constants with the Suggested that it would be favorable to introduce strongly
K andK; values obtained with the analogue compounds with €lectron-withdrawing groups in both phosphine and car-
para-substituted phosphines (Figure 6). In both cases, the POXylate groups in the dirhodium(il,1l) compounds of the
K, values are larger for thenetasubstituted phosphine — YP€ RR(RCQO)2(p-XCeHs)PRo], we used DFT methods to
complexes. This result agrees with the higher steric hindranced€sign @& compound in which both requirements would be
for the axial site promoted by the substituents in metalated fulfilled. In this compound, we used GRgroups directly in
para-substituted phosphines. the phosphine, thus giving a formula REFRCO,){(p-
Further evidence for the larger values for theeta XC§I—!3)P(CF3)2]. The results for.the reaction energies for
substituted phosphine complexes was sought by calculatingPYridine adducts are presented in Table 5. As expected, the
the energies for the corresponding mono-metalated phosphind-Fs groups bonding directly to phosphorus decrease the
derivatives of the type RICH;CO,)s[(m- or p-XCeHs)P(m+ req_w_red energy and s_trengthen the interaction Wlth the gX|aI
or p-XCgH)z](H20),, with X = CFs. The energy difference pyridine. The interaction is further enhanced by introducing
between them was small, but the trend was clear: the VETY strongly elect_ron—\(vithdrawing NGsubstituents in the
interaction with the axial pyridine ligands entering by the Metalated phosphine ring (compoud8).
side of the metalated ring was stronger for theta 3.4. Comparative Results for the Bis-cyclometalated
substituted phosphine than for thara-substituted one. The ~ Compounds. Finally, in Figure 8, we plot log<; (M) and
corresponding\E; values were-11.0 and—9.1 kJ mot* log Kz (A) for pyridine adducts of all of the studied bis-
for meta and para-substituted compounds, respectively. metalated compounds containing substituents either in the
Additionally, electronic effects (Hammettvalues§* for carboxylate or the phosphine. While the values for kag
substituents at the aromatic rings on the equilibrium constantsSeem to show a trend with the character of the substituent,
were considered. A better linear correlation was found when the values for lod<; are segregated into two groups, a lower
usingo values for substituents in its relative position to the 9roup with a value close to 2, including most of the
phosphorus atonug) than to the metalated carbon atosa) compounds containing electron-donating substituents, and a
(Figure 7). second group with values larger than 2, including compounds
3.3. Combined Effect of Introducing Electron-With- with electron-withdrawing groups. The values are larger for
drawing Groups in Both Phosphine and Carboxylate compounds with electron-withdrawing groups independently
Ligands. In order to study the effect produced by the of where these groups are located, in the carboxylate or in
presence of a GFgroup in the phosphine and carboxylate, the phosphine.
we analyzed the equilibrium constants obtained for the 3.5. Mono-cyclometalated CompoundsThe effect of
reactions for pyridine adducts with the following compounds modifying the phosphine ligands in mono-cyclometalated
(Table 4). compounds was also studied. The observed equilibrium
While the observed values of Id¢ are in a small range ~ constants are represented in Figure 9.

of units, the logK, values are more dispersed. In both cases, Considering that the size of the substituents at the
metalated ring would affect the reaction equilibria, the

equilibrium constants were subjected to correlation analysis
with the steric effects Hs),*?> which can provoke the
substituents at the coordinating position. The best correlation

(31) Hansch, C.; Leo, ASubstituents Constants for Correlation Analysis
in Chemistry and Biology Wiley: New York, 1979. Burger's
Medicinal Chemistry and Drug Disecery, Wolff, M. E., Ed.; John
Wiley and Sons: New York, 1995; Vol. I.
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Adducts of [RB(RCQO,)4-n(PC)] (n = 0—2) with Lewis Bases

2] o m logK, axial water ligand with pyridine, the positive charge of the
i o logK, first rhodium atom (Rh1) increases and the charge of the
6 - opposite rhodium decreases. Therefore, as was previously
S ° o found in the study of the RHO,CCHs), catalystil3s the
o] ° second rhodium acts as a “storage” of electron density. The
24 y = 235166 + 0.3014 x fact that .Rh2 accepts the electron density makes it_ Ies;
R=091766 = electrophilic, and thus the second replacement reaction is
34 X .
_)_/,r,/ not as favorable as the first one. A comparison of the change
2 in the rhodium charge upon the first ligand replacement for

00 05 ;-0 1520 25 bis-cyclometalated compounds and dirhodium tetracarboxy-
_ ) s ) late shows a much higher increase of the positive charge of
Figure 10. Correlation analysis between the experimentalke@nd log Rh1 for the phosphine compounds, in spite of their similar
K values and the steric effectsd) for selected mono-metalated dirhodium- . ! Lo
(I1,11) compounds. decrease of charge at Rh2. This could be an indication of a
_ o _ _ higher ability of the bis-cyclometalated compounds for back-
was obtained when considering, according to the previously donation from Rh1 to the ligand and would be in agreement

found preferred coordination sitéthat the axial ligand first  with selectivity results previously fourfd.36

coordinates to the rhodium atom attached to the metalated Upon the second replacement, the electron density flows
ring [see Figure 10; steric effect valués are —0.55 (- back to Rhi1, and with the bis-metalated phosphine com-
OCHg), —1.24 (n-CHg), 0 (H), —0.46 (n-F), and—2.40 (m plexes, the net change in charge is minimal. However, in
CR)]. From the analysis, a decrease &a with steric  the dirhodium tetracarboxylate, Rh1 has more electron

crowding was accompanied by an increase ofhgalues. density than it has initially.
A lower value ofK; would favor the second coordination The 0n|y exception from the genera| trend shown by the
(due to a smalletrans effect in the Rh-Rh bond). bis-cyclometalated compounds is obtained when the axial

3.6. Tetracarboxylates We compared the results obtained Jigand is changed to a very strongly electron-donating
for the cyclometalated compounds with the results fos-Rh  compound, such aert-butylisocyanide. Also, in this case,
(RCQy)4, where R= C(CH)s and Ck. Two differentligands  there is a charge-transfer effect along the axial core to the
were used for the reactions, pyridine (py) aed-butyliso- second rhodium atom, whose positive charge reduces con-
cyanide (icnt) (Table 6). siderably. The donation from the axial icnt ligand is so strong

The isocyanide ligand gives considerably higher values that also the charge of the first rhodium is reduced.
of the constants and also larger interaction energies, as wasurthermore, unlike the pyridine ligands, the second icnt
already observed for the bis-cyclometalated rhodium com- |igand does not balance the charge back to the original
pound RB(CH;CO,)o[(CeHs)PPh]2. The Ky values are  vyalues; instead, the resulting rhodium charge is much less
comparatively similar to those obtained for the mono- and positive than that with the water ligands. The strong electron

bis-metalated compounds with the same incoming ligand. transfer is reflected in the much larger interaction energies
More important differences are observed for Hevalues. of the adduct formation.

Comparing theé; values for the compounds with different
carboxylates [R= CFs, C(CHs)s], we could observe that 4. Conclusions

introducing a donor ligand in the carboxylate produces an Properties of RHRCOy)s_(PC), chiral dirhodium cata-

increase of the value by 2 orders of magnitude (Table 6). g5 \ith different ortho-metalated aryl phosphine and
The opposite trend was observed for the rhodium phoshine .5 hoyyiate ligands have been evaluated by determining the
compound RERCO,)[(CeH4)PPh].. However, computa- o jilibrium constantsiqy andK») and computational interac-
tionally the trend is the same for the tetracarboxylate 4q, energies AE; and AEy) for their mono-adduct and bis-
compounds and for the phosphine derivatives; introducing 4 qqyct with Lewis bases. The main aim in the current work
electron-withdrawing groups in the carboxylate enhances the,, .« 14 systematically modify the ligand core of the

strength of the interaction. | , Rh(RCOy)4—n(PC), catalysts 1§ = 0—2) in order to find
3.7. Computational Natural Population Analysis (NPA) - gi,ctural and electronic trends in the reactions with different

Charges. To acquire more information on the electron- paqie ayjal ligands. The results obtained are collected in
transfer properties of the ligand core, we calculated the NPA Figures 2-9 and Tables 16,

charge®’ of the active rhodium atoms in selected bis-metal- ¢ ,hcaming the equilibrium constants, statistical consid-

ar'zed.phosphlnes andlcomp?]red thel values r\]"”th those f?r di-eration for noninteracting metal centers would leatkto=
rhodium tetracarboxylate. The results are shown in Table 7. 5 i the metal centers were uncoupl@dn the currently

_A very similar trend is found in all of the calculat_ed studied dinuclear rhodium compounds BRCO)s_n(PC)
dirhodium(ll,Il) compounds. Upon replacement of the first (n = 0—2), the observed ratio is considerably larger (Tables

S1-S8; see the Supporting Information). We can explain

(32) Taft, R. W., JrJ. Am. Chem. S0d.952 74, 3120.
(33) Lahuerta, P.; Paya, J.; Pellingelli, M. A.; Tiripicchio, lAorg. Chem.

1992 31, 1224. (35) Constantino, G.; Rovito, R.; Macchiarulo, A.; Pellicciari, R.Mol.
(34) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. Struct. (Theochejr2002 581, 111.

Gaussian03 ProgrammGaussian, Inc.: Wallingford, CT, 2004; NBO, (36) Peez-Prieto, J.; Stiriba, E.; Moreno, E.; LahuertaTBtrahedror2003

version 3.1. 14, 787.
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Table 6. Experimental Equilibrium Constants and Computational Reaction Energies for Different Axial Ligand Adducts with Dirhodium(ll,Il)
Tetracarboxylate

compd R L logB1 (B1 = Ka) log 32 log K2 AE; [kJ mol1] AE; [k mol1]
34 C(CHy) py 6.49+ 0.04 9.38+ 0.05 2.8888t 0.06 —12.5 -7.1
35 Ck py 4.57+0.08 7.63+ 0.09 3.06+ 0.12 —26.9 —19.8
36 CR icnt 7.14+0.1 11.52+ 0.1 4.38+0.14 —44.4 —35.4

Table 7. NPA Charge of the Active Rhodium Atoms for Different Bis-metalated(RIEO,)2[(p-XCsH3)P (p-XCsH4)2]2L2 Complexed

compd R X L 2(HO) (H20)L 2L Aq(1) Aq(2)
d(Rh1)
Rh2(O2CR ) CHs Py 0.827 0.845 0.805 0.018 —0.040
1 C(CHy)s H Py 0.341 0.377 0.336 0.036 —0.041
2 3 H Py 0.340 0.374 0.336 0.034 —0.039
3 Ck H Py 0.324 0.352 0.315 0.028 —0.037
7 Ph H Py 0.341 0.374 0.336 0.033 —0.038
8 p-NOzPh H Py 0.337 0.367 0.330 0.030 —0.037
9 CsFs H Py 0.332 0.360 0.324 0.028 —0.036
18 CHs OCH; Py 0.336 0.373 0.333 0.037 —0.041
19 CHs CHs Py 0.339 0.374 0.336 0.035 —0.038
20 CHs Si(CHs)s Py 0.339 0.373 0.335 0.034 —0.038
22 CHs Py 0.346 0.375 0.341 0.029 —0.034
2P CHs H Py 0.322 0.345 0.317 0.023 —0.029
28 CHs NO, Py 0.329 0.349 0.323 0.020 —0.026
10 CHs H icnt 0.340 0.316 0.242 —0.024 —0.074
11 CHjs H 4-CH;COpy 0.340 0.373 0.337 0.033 —0.036
q(Rh2)
Rh2(O2CR ) CHs Py 0.826 0.778 0.805 —0.048 0.027
1 C(CHg)s H Py 0.341 0.286 0.336 —0.055 0.050
2 CHs H Py 0.340 0.291 0.336 —0.049 0.044
3 CR H Py 0.324 0.279 0.315 —0.045 0.036
7 Ph H Py 0.341 0.294 0.336 —0.047 0.042
8 p-NOzPh H Py 0.337 0.291 0.330 —0.046 0.039
9 CeFs H Py 0.332 0.287 0.324 —0.045 0.037
18 CHs OCH; Py 0.336 0.285 0.333 —0.051 0.048
19 CHs CHs Py 0.339 0.290 0.336 —0.049 0.046
20 CHs Si(CHa)s Py 0.339 0.290 0.335 —0.049 0.045
22 CHjs Ck Py 0.345 0.303 0.340 —0.042 0.037
2P CHjs H Py 0.322 0.290 0.317 —0.037 0.026
28 CHjs NO> Py 0.329 0.300 0.323 —0.029 0.022
10 CHjs H icnt 0.340 0.224 0.242 —0.116 0.018
11 CHjs H 4-CH;COpy 0.340 0.294 0.337 —0.046 0.043

aAq(1l) and Aq(2) represent the change in the charge upon the first and second axial ligand replacement, respedidified phosphine:
R (CRCOy)[(p-XCeH3)P(CRs)2], computationally designed.

this fact by considering the inductive effect of base coordina- is the other rhodium. With an increase in the basicity or the
tion, which is effectively transferred through the metaletal s-donating ability of the axial ligands, the interaction with
bond to weaken the Lewis acidity of the second center. The the active rhodium sites is further enhanced (Figures 3 and 4).
same trend can be obtained by comparing the charge A comparison of the change in the rhodium charge upon
distribution of the active rhodium atoms; upon coordination the first ligand replacement for bis-cyclometalated com-
of the first axial base, the electron density flows to the second pounds and dirhodium tetracarboxylate agrees with a higher
active site, thus reducing its ability to coordinate to the ability of the bis-cyclometalated compounds for back-
second axial ligand. A less important effect, when= 2, donation from Rh1 to the ligand and would be in agreement
can be seen from the experimental equilibrium constants forwith selectivity results previously found. Computational
the axialtert-butylisocyanide ligand (Figure 3). In this case, reaction energies support the observations, thus providing
both constants are very similar (the rak@K; is only 1.27 the possibility for a “quick search” among the different mod-
x 10%Y, producing a smaller ratio than in the other cases. ifications and their effect on the properties of the active sites.
Also, computationally, there is a strong net electron transfer
from both of the axial ligands to both of the rhodium atoms,
which increases the strength of the interaction. When the
incoming ligand is NHPh, theK; value is not calculated. Supporting Information Available: Tables S+S8 including
The reason is the weak coordination ability of the ligand, experimental yalues of eqL_JiIibrium co.nstants and computational
which effectively prevents the second coordination. reaction energies for the acidbase reactions of RIRCO,)(PC)-

. S . . (H20), catalysts (PC= cyclometalated aryl phosphine). This
The meta%—meta! interaction in the rhodium d'mer_se?ms materialis available free of charge via the Internet at http:/pubs.acs.org.
to concentrate an important amountoélectron density in
the metat-axial ligand bonding region, as has been observed €062171W
V\{Ith the tetracarboxylate com.pourﬁisThls phenomgnon IS (37) Drago, R. S.; Tanner, S. P.; Ritchman, R. M.; Long, J.Rm. Chem.
similar to thetrans effect, but in this case, theansligand So0c.1979 101, 2897.
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