
V O L U M E  2 8  N U M B E R  2 

ACCOUNTS 
CHEMICAL 
RESEARCH" 

F E B R U A R Y  1 9 9 5  

Registered in  US. Patent and Trademark Offie; Copyright 1995 by the American Chemical Society 

Basicities of Transition Metal Complexes from Studies of 
Their Heats of Protonation: A Guide to Complex Reactivity 

ROBERT J. ANGELICI 

Department of Chemistry, Iowa State University, Ames, Iowa 50011 

Received Augus t  1, 1994 

Introduction 

The concepts of acidity and basicity are fundamental 
to  our understanding of the thermodynamics, rates, 
and mechanisms of organic reactions. Hammett-type 
linear free energy correlations of reaction rates or 
equilibrium constants with basicities (e.g., pK,) of 
reactants are used routinely to develop mechanisms 
and understand trends in reactivity.' As in organic 
systems, one might expect the basicity of the metal 
in a transition metal complex to be a guide to  predict- 
ing other reactivities of the metal center such as its 
nucleophilicity, ability to form hydrogen bonds with 
alc0hols,28~ and tendency to undergo oxidative addition 
as well as simple oxidation and reduction reactions. 
Moreover, the acidities of metal hydride intermediates 
in catalytic hydrogenation reactions markedly influ- 
ence the course of these  reaction^.^-^ It is hoped that 
the quantitative measures of metal complex basicities 
presented in this Account will be useful to  those who 
seek a guide to  a broad range of complex reactivities. 

Basicities of metal carbonyl anions, M(COXb-, 
available from pKa determinations of their protonated 
forms, are summarized in a very useful review by 
Kristjdnsddttir and Norton.g These PKa measure- 
ments1°-12 were often performed in CH3C=N solvent 
(eq 1) using anilines and other reference bases (B). 
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HM(CO),LY + B = M(CO),L,- + BH' (1) 

PKa values of other metal hydride complexes were 
determined under similar conditions.13-15 However, 
the range of basicities that could be measured was 
limited by the basicity of the solvent and/or the 
experimental method used to evaluate concentrations 
of the species at  equilibrium. We sought to  extend 
greatly the range of basicities that could be studied 
by using titration calorimetry to determine the en- 
thalpies of protonation (",I) of metal complexes 
with the strong acid CF3S03H in the relatively non- 
coordinating, weakly basic 1,2-dichloroethane (DCE) 
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Table 1. Enthalpies of Protonation ( M m ,  kcaYmol) 
of Organonitrogen Bases and Their pKa(H20) and 

DKAAN) Values 

Angelici 

Table 2. Enthalpies of Protonation ( M m ,  kcaYmol) 
of MonophosDhines and Their pKa(H20) Values 

-A.HHHNa 
3-bromopyridine 25.7(1) 
pyridine 29.3( 1) 
morpholine 35.6(4) 
1,3-diphenylguanidine 36.9(2) 
triethylamine 39.3(1) 
tetramethylguanidine (TMG) 43.2(3) 

pKn(Hz0)' pKn(ANY 
2.8 
5.2 12.33 
8.5 16.61 

10.1 17.90 
10.8 18.46 
13.6 

a Reference 28. pKa in HzO at 25.0 "C. Perrin, D. D. Dissocia- 
tion Constants of Organic Bases in Aqueous Solution; Butter- 
worths: London, 1972. pK, in  acetonitrile. Coetzee, J. G.; 
Padmanabhan, G. R. J .  Am. Chem. SOC. 1965,87, 5005. 

solvent at 25.0 "C (eq 2). For a series of related ML, 

H-ML,+CF,SO,-; A H H M  (2) 

complexes, the hsm for these reactions should be 
similar. Thus, relative basicities of two complexes, 
ML, and ML',, can be estimated from the equilibrium 
constant K for the reaction in eq 3 from the difference 
(A" in kcaYmo1) in their AHm values (eq 2) using 
eqs 4 and 5, assuming that A h s m  for eq 3 is 0. Inthe 

H-ML,' + ML', == ML, + H-M'L',' (3) 
K 

A A H H M  - T(AASHM) e A A H H M  e 
-RT In K = AAGHM (4) 

at 25.0 "C, A A H H M  -1.36 log K, in kcavmol 

( 5 )  

few instances where K has been determined exper- 
imentally,l6-l8 A M H M  is slightly negative when A M  
is negative; therefore the experimental K is somewhat 
lower than that estimated from AHHM values using 
eq 5.  Nevertheless, K values obtained from eq 5 are 
useful for approximate comparisons. Since AAHHM 
values as large as 30 kcaYmol have been measured, 
and even larger AAHHM values are possible, equilib- 
rium constants (Kin eq 3) that are or larger can 
be estimated. Thus, calorimetry can be used to  
determine basicities of a broad range of complexes. 

All of the AHHM values reported (Tables 1-4) in this 
Account were determined in carefully purified DCE 
with standardized CF3SO3H at 25.0 "C (eq 2) under a 
dry Ar atmosphere using a Tronac Model 458 isoperi- 
bo1 titration c a l ~ r i m e t e r . ' ~ ~ ~ ~  All reactions are rapid, 
occurring within the time of mixing. The acid, with a 
Hammett acidity HO value of -14.2,21922 is much 
stronger than H2S04 and protonates a range of metal 
complexes, yet does not protonate the DCE solvent. 
(16) Sowa, J. R., Jr.; Angelici, R. J. J. Am. Chem. Soc. 1991,113,2537. 
(17) Rottink, M. K.; Angelici, R. J .  J. Am. Chem. Soc. 1992,114,8296. 
(18) Rottink, M. K; Angelici, R. J. J.Am. Chem. SOC. 1993,115, 7267. 
(19) Bush, R. C.; Angelici, R. J. Inorg. Chem. 1988,27, 683. 
(20) Sowa, J. R., Jr.; Zanotti, V.; Facchin, G.; Angelici, R. J. J. Am. 

Chem. SOC. 1991, 113, 9185. 
(21) Olah, G.; Prakash, G. K. S.; Sommer, J. Superacids; Wiley: New 

York, 1985. 
(22)(a) Koppel, I. A.; Taft, R. W.; Anvia, F.; Zhu, S.-Z.; Hu, L.-Q.; 

Sung, K.-S.; Des Marteau, D. D.; Yagupolskii, L. M.; Yagupolskii, Y. L.; 
Ingnat'ev, N. V.; Kondratenko, N. V.; Volkonskii, A. Y.; Vlasov, V. M.; 
Notario, R.; Maria, P.-C. J. Am. Chem. SOC. 1994, 116, 3047. (b) 
Viggiano, A. A.; Henchman, M. J.; Dale, F.; Deakyne, C. A,; Paulson, J. 
F. J. Am. Chem. SOC. 1992, 114, 4299. 

PR3 -Az-l~p, kcaVmola pKa(H20) 
(p-CF3CsH4hP 13.6(2) -1.32' 
@-C1CsH4)3P 17.9(2) 1.03c 
(p-FCsHdd' 19.6(2) 1.97c 
Ph3P 21.2(1) 2.73d 
(O-MeCs&hP 22.6(2) 3.Oac 
@-MeC6HAP 23.2(3) 3.84c 
@-MeOC&)3P 24.1(2) 4.57c 
MePhzP 24.7(0) 4 . 5 9  
EtzPhP 27234) 6 . 2 P  
MezPhP 28.4(2) 6.50d 
Me3P 31.6(2) 8.65d 
( C - C B H I I ) ~ ~  33.2(4) 9.70d 
Et3P 33.7(3) 8.6gd 
(t-Bu)sP 36.6(3) 11.4c 

a References 19, 26, and 30. * Calculated from eq 9. Allman, 
T.; Goel, R. G. Can. J .  Chem. 1982,60, 716. Streuli, C. A. Anal. 
Chem. 1960, 32, 985. e Liu, H.-Y.; Eriks, K.; Prock, A.; Giering, 
W. P. Organometallics 1990, 9, 1758. 

Table 3. Enthalpies of Protonation (Mm1 and 

(pK.1 and pKez) 
of Diphosphines and Their pKa(H20) Values 

- M H P l , *  - M H P Z ;  
DhosDhine kcaVmol pKald kcaVmol pKazd 

~ 

PhzPCHzPPhz (dppm) 22.0(1) 3.81 14.9(2) 
PhzP(CHdzPPh2 (dppe) 22.8(2) 3.86 20.2(1) 0.99 
PhzP(CHz)3PPhz (dppp) 23.4(1) 4.50 22.4(3) 2.53 
PhzP(CHz)4PPhz (dppb) 24.6(1) 4.72e 23.8(2) 4.2ae 
PhzP(CHz)5PPhz (dppent) 24.8(2) 4.84e 24.5(1) 4.67e 
PhzP(CHz)sPPhz (dpph) 25.2(1) 5 . 0 ~ 5 ~  24.9(1) 4 . 8 9  
cis-PhzP(CH-CH)PPhz 19.9(3) 2.27 10.0(2) 

(cis-dppv) 
trans-PhzP(CH-CH)PPhz 21.7(2) 2.74 12.7(1) 

(trans-dppv) 
PhzP(1,2-C&)PPhz (dppbz) 21.3(1) 2.91e 10.7(3) 
PhzP(CH2)hPhz  (arphos) 23.2(4) 3.96e 8.2(1) 
MezPCHzPMez (dmpm) 31.0(3) 8.24e 25.8(2) 
EtzP(CH2)ZPEtz (depe) 31.3e 8.41 5.11 
Cr(CO)dv'-dppm) 17.1(1) 
Mo(CO)s(ql-dppm) 18.6(1) 
W(CO)dv'-dppm) 19.1(3) 
fac-Mo(C0)3(y2-bpy)(v1-dppm) 22.3(2) 
fac-Mo(C0)3(p2-phen)(yl-dppm) 23 .O( 1) 
fac-W(C0)3(v2-bpy)(v1-dppm) 23.1(1) 

a References 30 and 31. ' For protonation with 1 equiv of 
CF3S03H in DCE solvent a t  25.0 "C. For addition of a second 
equivalent of CF3S03H in DCE solvent at 25.0 "C. In  HzO. 
Berners-Price, S. J.; Norman, R. E.; Sadler, P. J. J .  Inorg. Biochem. 
1987, 31, 197. e Calculated from eq 9. 

The CF3S03- anion of the protonated product is 
weakly ~oordinating2~ and therefore less likely to give 
side reactions in which CF3S03- displaces ligands in 
reactant or product complexes; each reaction is exam- 
ined spectroscopically to ensure that CF3S03- is not 
coordinated. The low dielectric constant (10.46) of 
DCE means that the H-MLn+CF3S03- products prob- 
ably occur as ion  pair^.'^-^^ While there must be an 
ion-pairing energy associated with their formation, 
 attempt^^^,^^ to determine the effect of ion pairing on 
trends in AHm values suggest that the effects are 
small, at least for a family of similar complexes. Other 
studies also indicate that non-hydrogen-bonding sol- 

(23) Lawrance, G. A. Chem. Reu. 1986,86, 17. 
(24) (a) Persson, I.; Sandstrom, M.; Goggin, P. L. Inorg. Chim. Acta 

1987,129,183. (b) Sigvartsen, T.; Gestblom, B.; Noreland, E.; Songstad, 
J. Acta Chem. Scand. 1989,43, 103. 
(25) Sowa, J. R., Jr.; Zanotti, V.; Facchin, G.; Angelici, R. J. J. Am. 

Chem. SOC. 1992, 114, 160. 
(26) Sowa, J .  R., Jr.; Zanotti, V.; Angelici, R. J. Inorg. Chem. 1993, 

32, 848. 



Transition Metal Complex Basicities Acc. Chem. Res., Vol. 28, No. 2, 1995 53 

Table 4. Enthalpies of Protonation (AHm) of Transition Metal with CFsSOsH in DCE Solvent at 
25.0 "C 

compd - A H H M  compd -AHm 

Cp*Re(CO)z(PMezPh) 

Cp*zRu 
CpRu(PMe3)zI 
CpRu(PMe3)zBr 
CpRu(PMe3)zCl 
CpRu(dppm)H 

CpOs(PPh3)zI 
CpOs(PPh3)zBr 
CpOs(dppm)Br 

CpOs(PPhzMe)zBr 
CpOs(dppp)Br 
(HhOs(PPhzMe)s 
CpOs(PPh3)(PMe3)Br 
CpOs(PPhMe2)zBr 
CpOs(PMe3)zI 

CpOs(PPh3)zCl 

Chromium 

Molybdenum 
25.5(1Y 

19.0(2Y 
23.8(4Y 
27.4(2Y 

10.5(l)d@ 
15.1(3)d@ 
16.7( 1 )d@ 
16.9(3Y 
17.5(2? 
l8.3(1? 

18.3(4Y 

14.1(1)g 
16.2(3)s 
17.6(4)g 

Tungsten 

Rhenium 

Iron 

20.1(2)" 
21.1(2)" 
21.2(3F 
22.6(1)" 
23.1(3)" 

19.0(lY 
20.6(2)' 
20.9(3)' 
2 1.2(4)' 
28.9(2)' 

14.1(1)' 
16.3(1y 
17.5(4)' 
19.7(2)' 
20.0(2)' 
20.1(4)' 
23.9(3)1' 
25.6(4)' 
26.2(1)' 
26.6(4)' 

11.9(2y 
19.4(1Y 
19.7(2)1' 
21.4(1F 
22.8(2p 
24.1(1p 
26.4(2p 
26.51(1F 
27.5(2p 

Ruthenium 

Osmium 

Iridium 

CpRu(dppe)H 
CpRu(dppp)H 

Cp*Ru(PMe3)zC1 
CpRu(PPh3)zH 

Cp*Ru(PPh&H 

29.7(3Y 
38.7(5Y 

18.8(2Y 
19.5(3Y 
25.0(3Y 
25.1(2Y 
31.5(2Y 

20.1(3Y 

23.2(1)" 
23.3(3F 
23.4(2)" 
24.0(2p 
26.5(3)" 
28.4(2)" 
30.2(4)" 

29.0(1)' 
29.6( 1 )' 
29.7(2)' 
30.2(2)' 
35.2(2)' 

26.6(2Y 
27.7(1)1' 
29.4(4)' 
33.6(3)' 
34.2(2)1' 
37.2(2)1' 
37.3(1)' 
38.8(21 
39.2(3)' 
43.3(3)1' 

28.5(2p 
29.2(2)g 
29.8(3Y 
30.1(2)s 
31.5(1)g 
32.4(3 )g 
33.2(5F 
38.8(4)1' 

a For each metal, complexes are listed in order of increasing basicity (-MHM). Ligand abbreviations are  given in Table 3 or are  as 
follows: 1 ,2- (Me&)zCa (diars), (C-C~H~~)ZPCH~CHZP(C-C~H~~)~ (dcpe), y5-C5H5 (Cp), y5-C5Me5 (Cp*), 1,5-cyclooctadiene (COD). Reference 
28. Reference 47. e Reference 26. f Reference 31. Reference 20. Reference 25. Reference 18. J Reference 63. Reference 16. 

vents have little effect on relative basicities of metal 
complexesg or organonitrogen and -sulfur compounds.27 

Before discussing enthalpies of protonation of metal 
complexes, it is worth considering the relationship 
between AH for protonation (eq 6 )  of simple bases (B) 
and PKa values of their protonated forms (HB+). For 

B + CF3S03H H-B'CF3S03-, DCE 

M H N  or M H p  (6) 

the amines in Table 1, which span a range of 10.8 pKa- 
(27) Abboud, J.-L. M.; Notario, R.; Berthelot, M.; Claramunt, R. M.; 

Cabildo, P.; Elguero, J.; El Ghomari, M. J.; Bouab, W.; Mokhlisse, R.; 
Guihheuf, G. J. Am. Chem. SOC. 1991,113, 7489. 

(H2O) units in water, there is an excellent correlation 
(eq 7, r = 0.997)28 between the enthalpy of protonation 

-AHH, = 1.64 pKa(H20) + 21.0, in kcaVmol (7) 

(eq 6) ( -MHN) and the pKa(H20) (Figure 1) despite 
the substantial differences in solvent properties of 1,2- 
dichloroethane and water. There are fewer known 
&(AN) values for amines in acetonitrile solvent 
(Table 11, but there is likewise a satisfactory correla- 
tion (eq 8, r = 0.989) between MHN and pKa(AN). By 
replacing - M m  with -MHM, this correlation may 

(28) Sowa, J .  R., Jr.; Bonanno, J .  B.; Zanotti, V.; Angelici, R. J. Inorg. 
Chem. 1992,31, 1370. 
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The - A H H p l  value (22.0 kcaYmol) for dppm is much 
larger than -AHHp2  (14.9 kcaYmol), which reflects 
the strongly electron-withdrawing character of the 
Ph2(H)P+ group in Ph2(H)PCH2PPh2+. However, as 
n increases from 1 to 5 in the Ph2(H)P(CHz)nPPh2+ 
compounds, the difference between - A H H P l  and 
- m H P 2  decreases to 0. For n-values of 5 and larger, 
the - m H P l  ahd -AHHPZ values are all the same 
within experimental error as -AHHP for Ph2PMe (24.7 
kcaVmol); thus, the Ph2P groups at the ends of the 
-(CH2In- chains behave as independent P-donors. 
While m H P 1  and ~ H P P  values are substantially 
different for dppm, they also differ by large amounts 
(-10 kcaYmo1) in diphosphines in which the Ph2P 
groups are separated by unsaturated linkages such 
as a double bond (cis-dppv, trans-dppv) or an aryl 
group (dppbz) (Table 3); in these cases the unsaturated 
linkages readily transmit the electron-withdrawing 
effect of the Ph2(H)P+ group. 

We have also examined31 the effect of metal com- 
plexes (ML,) coordinated at one end of dppm on the 
basicity (Table 3) of the dangling PPh2 group (eq 12). 

4 5  f I 1 I I 1 I I I 

4 0  J 

0 2 4 6 8 1 0 1 2 1 4  

PKa W,O) 

Figure 1. Correlations of -A€€HM for organonitrogen and 
phosphine bases with their  pK,(H20) values. 

-AHH, = 1.52 pKa(AN) + 10.4, in kcaVmol (8) 

be of use for estimating -MHM values (eq 2) for 
cationic metal hydride complexes whose pKa(AN) 
values are known.9J3J5,29 However, it is important to  
realize inherent shortcomings in using eq 8 for esti- 
mating MHM. These are illustrated by a comparison 
of AH vs pK,(HzO) correlations for amines and phos- 
phines. Like the correlation for amines (eq 7), there 
is an excellent linear relationship (eq 9, Figure 1) be- 
tween the enthalpy of protonation (eq 6) (-AHHP) and 
the pKa(H20) of the protonated phosphine (HPR3+).l9 

-AHHp = 1.82 pKa(H20) + 16.3, in kcaVmol (9) 

However, amines and phosphines (Figure 1) do not 
follow the same correlation (eqs 7 and 9, Figure 11, 
which is not surprising given the different solvation 
and hydrogen-bonding abilities of DCE and H2O 
toward nitrogen and phosphorus bases. However, 
acetonitrile and DCE are likely to have more similar 
solvent effects than DCE and H20, which suggests 
that eq 8 may be used tentatively for estimating AHHM 
and pKa(AN) values for the protonation of neutral 
complexes. 

Diphosphines may be protonated at both phospho- 
rus atoms (eqs 10 and 11). The enthalpy of protona- 

P-P + CF3S03H - HP-PfCF3S03- (10) 

HP-P+CF3S03- + CF3S03H - 
HP-PH2+(CF,SO,-), (11) 

tion for the addition of the first equivalent of CF3S03H 
is h p l  while that for the second equivalent is 
A H H P z . ~ O  The - A H H P ~  values for ligands whose pK,1- 
(H2O) values are known (Table 3) follow the same 
correlation (eq 9) as that for monophosphines. As 
compared with -AHHP for Ph2PMe (24.7 kcaVmol), 
- h P 1  for dppm (Ph2PCH2PPh2, 22.0 kcaVmo1) is 
small, which suggests that the PPh2 group in dppm 
is electron-withdrawing as compared with H in Ph2- 
PMe. As the PPh2 groups are distanced from each 
other in the Ph2P(CHdnPPh2 series of ligands, -AHHPI 
increases to about 24.7 kcaVmol at n = 4 and remains 
at that value for larger n values. 

(29) Skagestad, V.; Tilset, M. J .  Am. Chem. SOC. 1993, 115, 5077. 
(30) Sowa, J. R., Jr.; Angelici, R. J. Inorg. Chem. 1991, 30, 3534. 

L,M-Ph2PCH2PPh2 + CF3S03H -+ 

LxM-Ph2PCH2PPhZ(H)+CF3SO3-, AHHp (12) 

For the complexes where ML, is Cr(C0)5 (17.1 kcaY 
mol), Mo(C0)5 (18.61, or W(C0)s (19.11, the dangling 
PPh2 group is less basic than in dppm (22.0 kcaVmol) 
itself but is considerably more basic tha? Ph2(H)PCH2- 
PPh2+ (14.9 kcaVmo1). The M(C0)dN N) groups are 
not electron-withdrawing at all and may even slightly 
increase the basicity of the dangling PPh2 group as 
detected in the following -MHP values: Mo(C0)3(y2- 
bpy)(yl-dppm) (22.3 kcaYmol), Mo(C0)3(y2-phen)(y1- 
dppm) (23.01, W(CO)3(q2-bpy)(y1-dppm) (23.1). Since 
the metal in these complexes must act as a a-bonding 
electron acceptor, any increase in electron density on 
the dangling PPhz group presumably occurs as a result 
of metal-to-P n back-bonding. 

The overall effect of H+ and WL, complexes on 
dangling PPh2 basicity is summarized in the following 
trend in -AHHP: H(dppm)+ (14.9 kcaYmol) < W(COk- 
(yl-dppm) (19.1) < dppm (22.0) < W(CO)3(y2-bpy)(y1- 
dppm) (23.1). The observation that the yl-dppm 
complexes are protonated at the dangling PPh2 rather 
than at the metal suggests that the metal is the less 
basic site, even in the most electron-rich complex 
W(CO)3(y2-bpy)(q1-dppm). This was confirmed for fuc- 
W(CO)3(y2-bpy)(PPh2Me), which has a -AHHM value 
(18.8 kcaYmol) that is 4.3 kcaVmol less basic than the 
dangling PPhz in W(C0)3(y2-bpy)(y1-dppm). 

Effects of Monophosphine Ligands on Metal 
Basicity 

Phosphines are common ligands in transition metal 
complexes; there is evidence9J3 that the basicity of the 
metal in these complexes increases as the basicity of 
its phosphine ligands increases. We have determined 
AHHM values (Table 4) for four series of complexes, 
CpIr(CO)(PR3),20 Fe(C0)3(PR3)2,20 Cp0s(PR~)pBr,~~ and 
fu~-W(C0)3(PR3)3,~~ where PR3 is PPh3, PPhaMe, 
PPhMe2, or PMe3. For these protonation reactions 
(eqs 13,20 14,20 15,20 and 1626), -AHHM increases as 

(31) Rottink, M. K.; Angelici, R. J. Inorg. Chem. 1993, 32, 2421 
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(PR3)z (0.916/2 = 0.458), CpOs(PR3)zBr (1.31/2 = 0.65), 
W(C0)3(PR3)3 (0.638/3 = 0.213). It is clear that the 
metal basicity change parameter is different for each 
series of complexes. Given the widely differing struc- 
tures of the reactants and products in each series, 
many factors contribute to  the different parameters 
for each set of complexes. The relative insensitivity 
of the CpIr(CO)(PR3) complexes to a change in PR3 
basicity has been rationalized20 by noting that the Cp 
in the related CpRh(C0)z is an excellent n-accepting 
ligand;32 the Cp in CpIr(CO)(PR3) could partially 
remove electron density from the Ir donated to it by 
the more basic phosphines. One might expect the CO 
groups in the Fe(C0)3(PR& complexes to  play the 
same role; yet the change in metal basicity per 
phosphine (0.456) is substantially greater than that 
(0.298) in CpIr(CO)(PR3). The very low sensitivity 
(0.213) of AHHM in the fa~-W(C0)3(PR3)3 complexes 
could be due to the n-accepting CO groups; however, 
it is evident that steric factors are also involved since 
complexes of the more bulky Et ligands (PEtPhz, PEt2- 
Ph, and PEt3) are more basic than those of PMePhz, 
PMezPh, and PMe3.26 Complexes of the bulky ligands 
presumably favor protonation because crowding in the 
starting fa~-W(C0)3(PR3)3 complexes is relieved by 
rearrangement to a meridional-type structure in the 
protonated product (eq 16). Steric effects of PR3 
ligands are also likely to  contribute to  the high 
sensitivity (0.65) of -AHHM to phosphine basicity in 
the CpOs(PR3)zBr complexes. In this case, the steric 
effect plays in the opposite direction with the more 
bulky ligands such as PPh3 disfavoring the addition 
of another ligand (H+) to the Os. Thus, CpOs(PPh3)z- 
Br is especially weakly basic compared to CpOs- 
(PMe3)zBr not only because PPh3 is a much weaker 
base than PMe3 but also because of steric crowding 
in the product. Evidence of this steric effect is seen 
in the -AHHM (25.6 kcal/mol) of the mixed ligand 
complex CpOs(PPhd(PMe3)BrY which is not intermedi- 
ate between that of CpOs(PPh3)zBr (16.3 kcaVmol) and 
CpOs(PMe3)zBr (29.4); it is only 3.8 kcal/mol less basic 
than CpOs(PMe3)zBr but 9.3 kcaVmol more basic than 
CpOs(PPh3)zBr. An argument based on the electronic 
properties of PPh3 and PMe3 does not readily account 
for this result; however, the substitution of one PPh3 
in CpOs(PPh3)zBr by PMe3 would substantially reduce 
crowding in the protonated product and make proto- 
nation much more favorable for CpOs(PPhs)(PMes)Br 
than for CpOs(PPh&Br. 

In the metal carbonyl systems, CpIr(CO)(PR3), Fe- 
(C0)3(PR3)2, and fac-W(CO)3(PR3)3, the -AHm values 
correlate linearly with v(C0) frequencies of the com- 
plexes,20B26 but there is not a broader correlation 
among the different types of complexes. Thus, v ( C 0 )  
values are not a general predictor of -AHHM values. 
There are, however, correlations between -AHm and 
the donor abilities of the PMe,Phs-, phosphines as 
measured by enthalpies of the following reactions: 

4 5  I I I I 1 I 

1 5 t  r/ 

1 o+ 
1 5  1 9  2 3  2 7  31 3 5  

-AHHp (kcallmol) 

Figure 2. Correlations of metal  basicity (-MHM) with phos- 
phine basicity ( -MHP) for CpIr(CO)(PR3), CpOs(PR&Br, Fe- 
(C0)3(PR3)2, and fu~-W(C0)3(PR3)3 (eqs 13-20). 

the basicity (-AHHP) of the phosphine increases. Plots 

PR3 H 1' 

I'co 
I ..co OC.. I ,PR3 

OC-Fe' +CF,SO,H+ F"; CF&03- (14) 
R3P' I CO co PR3 

.Os + CF3S0,H+ .OS CF3S03- 
R3P"I \ w'd \" PR3 

R3P Br R3P Br 

(15) 

0 ti 
0 

of -AHHM vs -AHHP (Figure 2) for these complexes 
are linear and are represented by eqs 17,20 18,20 19,lS 
and 20z6 (all values in kcal/mol). Since -MHP and 

- M H ,  = -0.298AHHp + 23.9, 
for CpIr(CO)(PR,) (17) 

-AH,, = -1.31AHHp - 11.6, 
for CpOs(PR3),Br (19) 

pKa(H20) for the phosphines are correlated (eq 91, 
plots of -MHM vs pKa(H20) are also linear. The 
coefficient for the - A H H ~  term in eqs 17-20 gives the 
change in metal basicity with a change of 1.0 kcaY 
mol in PR3 basicity. Since several of the complexes 
involve replacement of more than one PR3 ligand, a 
comparison of ligand effects is most useful if the 
coefficient of the -AHw term is divided by the number 
of PR3 ligands. This gives the following metal basicity 
change parameters: CpIr(CO)(PR3) (0.298), Fe(C0h- 

Fe(CO),(BDA) + 2PR3 - 
Fe(CO),(PR3), + BDA, AHH,, (21) 

BDA = PhCH=CHC(=O)Me 

(32) Lichtenberger, D. L.; Calabro, D. C.; Kellogg, G. E. Orgunome- 
tallics 1984, 3, 1623. 
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W(CO)3(~'-C6H,) -k 3PR3 -. 
W(CO)3(PR3)3 + C6H6, m w  (22) 

The correlation between -AHHM for the reaction in 
eq 14 with AHFe (eq 2133) is given in eq 23 while that 
between -AHHM for the reaction in eq 16 and AHw 
(eq 2234,35) is shown in eq 24. 

-AHHM = -0.741AHFe - 6.4, in kcallmol, 
r = 0.972 (23) 

r = 0.999 (24) 

In addition to phosphine ligand effects on metal 
basicity, there are a few comparisons of phosphines 
with olefins and CO. The -AHHM of Cp*Ir(CO)z, 
where Cp* = r5-C5Me5, is 21.4 kcaVmo1, whereas the 
-AHm of the 1,5-cyclooctadiene (COD) analog Cp*Ir- 
(COD) is 28.5 kcaVmol.17J8 Thus, the diolefin ligand 
makes the iridium 7.1 kcaVmol more basic than the 
two CO ligands. However, the iridium in CpIr(C0D) 
(22.8 kcaVmo1) is 7.3 kcaVmol less basic than that in 
CpIr(CO)(PPhs) (30.1 kcaVmo1). Thus, the basicity of 
the metal in Cp'Ir(L)(L') complexes increases with the 
(L)(L') ligand set in the following order: (C0)2 < COD 

(CO)(PPh3). The 14.4 kcal/mol difference between 
the (C0)2 and (CO)(PPh3) ligand groups corresponds 
(eq 5) to  a 4 x 1O1O ratio of their equilibrium proto- 
nation constants. Dramatic increases in basicities of 
M(COX- anions when a CO ligand is replaced by a 
phosphine are also found in studiesg of pKa(AN) and 
pK,(H20) values of HM(COX(L), complexes. Despite 
the weak donor character of CO as a ligand, CS is even 
weaker, as indicated by the -AHm values for CpIr- 
(CO)(PPh3) (30.1 kcaVmol) and CpIr(CS)(PPhs) (26.5 
kcaVmol).20 

-AHHM = -0.365MW - 4.6, in kcavmol, 

Angelici 

Chelating Phosphine Ligand Effects on Metal 
Basicity 

The ring size of diphosphine chelating ligands is 
known to  influence a variety of properties of metal 
complexes including their s t r ~ c t u r e s , ~ ~ , ~ ~  catalytic 
a ~ t i v i t i e s , ~ ~ , ~ ~ , ~ ~  rates of CO insertion,40 oxidation 
potentia1s:l and 31P NMR chemical shifts.42 The first 

to identify a chelate effect on metal complex 
basicity was that of the Fe(C0)dbidentate phosphine) 
complexes (eq 25). It established that all of the che- 
lated complexes Fe(C0)3(Ph2P(CH2),PPhd are more 
basic than the monodentate phosphine analog Fe(C013- 
(Ph2PMe)z (eq 14) and that the metal basicity in- 
creases as the size of the chelate ring decreases. The 

(33) Luo, L.; Nolan, S. P. Inorg. Chem. 1993, 32, 2410. 
(34) Mukerjee, S. L.; Lang, R. F.; Ju, T.; Kiss, G.; Hoff, C. D. Inorg. 

(35) Hoff, C. D. Prog. Inorg. Chem. 1992, 40, 503. 
(36) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M.; 

(37) Herrmann, W. A,; Kohlpaintner, C. W.; Herdtweck, E.; Kiprof, 

(38) Westcott, S. A,; Blom, H. P.; Marder, T. B.; Baker, R. T. J .  Am. 

(39) Zanardo, A,; Michelin, R. A,; Pinna, F.; Strukul, G. Inorg. Chem. 

(40) Dekker, G .  P. C. M.; Elsevier, C. J.; Vrieze, K.; vanleeuwen, P. 

(41) Miedaner, A,; Haltiwanger, R. C.; DuBois, D. L. Inorg. Chem. 

(42) Lindner, E.; Fawzi, R.; Mayer, H. A,; Eichele, K.; Hiller, W. 

Chem. 1992,31, 4885. 

Gamey, 3. A., Jr.; Powell, D. R. J .  Am. Chem. SOC. 1992, 114, 5535. 

P. Inorg. Chem. 1991,30, 4271. 

Chem. SOC. 1992,114, 8863. 

1989,28, 1648. 

W. N. M. Organometallics 1992, 11, 1598. 

1991, 30, 417. 

Organometallics 1992, 11, 1033. 

-MHM values (Table 3) increase in the order follow- 
ing: Fe(CO)s(Ph2PMe)z (17.6 kcaVmol) < Fe(C0)3- 
(Ph2P(CH2)4PPh2) (20.1) < Fe(C0)3(Ph2P(CH2)3PPhd 
(21.1) < Fe(C0)3(PhS(CH2WPh2) (23.2) < Fe(CO)s(Ph2- 
PCH2PPh2) (24.0). The difference (6.4 kcaVmo1) in 
-AHHM values between the most basic complex 
Fe(COMPhzPCH2PPh2) and the least basic Fe(CO)s(Phz- 
PMe)2 represents a difference in equilibrium proto- 
nation constants (eq 5 )  of approximately 5 x lo4. A 
similar difference (6.9 kcal/mol) between -AHm for 
Fe(C0)3(MezPCH2PMez) (30.2 kcaVmol) and Fe(C0)3- 
(PMe3)2 (23.3) is also observed.25 In order to  under- 
stand these substantial differences in -AHHM, one 
might consider the effect of the different product 
structures in eqs 14 and 25. The protonated mono- 
dentate product Fe(C0)3(PhzPMe)z(H)+ has trans Ph2- 
PMe ligands (eq 14), which is presumably the most 
stable arrangement of the P-donor ligands since there 
is no evidence for the cis structure. The cis P-donor 
arrangement in the chelated products Fe(C0ML L)- 
(HI+ would therefore be less stable and the driving 
force for their formation (eq 25) should be less than 
that in eq 14. This argument leads to  the conclusion 
that Fe(_CO)s(PhzPMe)a should be more basic than Fe- 
(co)3(L L), which is opposite to the experimental 
results. 

The reactant structures, however, are also different 
in the monodentate (eq 14) and bidentate (eq 25) 
complexes. The diaxial structure of Fe(C0)dPhsPMe)z 
is presumably the most stable because it is the one 
that is observed, and extended Huckel MO calcula- 
t i o n ~ ~ ~  support this as the most stable geometry with 
the strongest n-accepting ligands (CO) in the equato- 
rial positions. Thus, distortions from the diaxial 
phosphine arrangement will increase the energy of the 
complex, thereby increasing the exothermicity otits 
protonation. X-ray structures of the Fe(C0)3(L L) 
complexes show that the P-Fe-P angle44 decreases 
in the same order as the basicity increases: Fe(C0)3- 
(Ph2P(CH2)4PPh2) (92.4") > Fe(C0)3(Ph2P(CH&PPh2) 
(91.5") > Fe(C0)3(Ph2P(CH2)2PPhz) (84.1") > Fe(C0)s- 
(Ph2PCH2PPh2) (73.5'). Thus, the greater the distor- 
tion from the most stable diaxial P-donor arrange- 
ment (180") in Fe(CO)s(PhzPMe)2, the higher the 
basicity. 

Results of the Fe(C0)3(L-L) studies suggest that 
distortion of a reactant by a chelating ligand from its 
most stable geometry, i.e., that adopted by monoden- 
tate ligands, will increase its basicity. Such a trend 
is also obs_erved in AHHM studies (eq 26) of the cis- 
M(C0ML L)2 complexes, where M = Mo or W. In 

* +CF$OJ' (26) 

"7 
OC,,. I .* L 

oc I L 
d 

,M, + CFjSO3H 25.0 "C 

this system -AHHM also increases as the chelate ring 
(43) Rossi, A. R.; Hoffmann, R. Inorg. Chem. 1975, 14, 365. 
(44) Liu, L.-K.; Luh, L.-S.; Gau, H.-M. Inorg. Chem. 1992,31, 3434. 
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size decreases:28 MO(CO)~(P~~P(CH~)~PP~~)~ (19.0 k c d  
mol) < Mo(C0)2(Ph2P(CH2)2PPh2)2 (27.4) < Mo(C0)2- 
(Ph2PCH2PPh& (29.7). The analogous cis-W(CO)2- 
(L-L)2 complexes follow the same -WHM trend: W- 

PPh& (31.5). As for the Fe(C0ML L) complexes, 
these increasing basicities parallel decreasing P-M-P 
bond angles as the chelate ring size decreases; this 
decrease in P=Mo-P angles is illustrated by the series 
of Mo(C0)4(L L) complexes:45 Mo(C0)4(Ph2P(CH2)4- 

(CO)z(PhzP(CHz)zPPhz)z (25.1) < W(_C0)2(Ph2PCH2- 

PPh2) (91.65") > M o ( C O ) ~ ( P ~ ~ P ( C H ~ ) ~ P P ~ ~ )  (89.74") > 
M o ( C ~ ) ~ ( P ~ ~ P ( C H ~ ) ~ P P ~ ~ )  (80.2") > Mo(CO)r(Phz- 
PCH2PPhz) (67.3"). Thus, complexes with P-Mo-P 
angles that are much smaller than 90" have the 
highest basicities. _The effect on -h is very large 
in the Mo(C0)2(L L)2 series, where Mo(CO)z(Phz- 
PCH2PPh2)z is 10.7 kcdmol more basic than Mo(C0)2- 
(Ph2P(CH2)3PPh2)2; in terms of their equilibrium con- 
stants (eq 5 )  for protonation, Mo(CO)z(PhzPCHzPPhz)z 
is 7 x lo7 times more basic than Mo(C0)2(Ph2P(CH2)3- 
PPhd2. Thus, chelate ring effects on metal basicity 
can be very large. 

In contrast, very small differences in -MHM (eq 
2718) _have been noted for the series of complexes Cp- 
Ru(L L)H: CpRu(Ph2P(CH2)3PPhz)H (29.6 kcdmol) 

PPh2)H (28.9). While these -hHm values are nearly 

CpRu(L-L)H + CF3S03H - 
> CpRu(PhnP(CH2)2PPhz)H (29.0) > CpRu(PhnPCH2- 

~is/trans-CpRu(L-L)H~~CF,S0~- (27) 

within experimental error of each other, equilibrium 
constant  measurement^^^ for protonations of these 
complexes show that the PhzPCHzPPhz complex is 
indeed the weakesLbase, which is opposite $ the trend 
for the Fe(C0)3(L L) and ci?Mo(CO)z(L L)z series 
of complexes. In the CpRu(L L)H system, the struc- 
ture of the product contains either cis or trans P-donor 
groups, depending on the bidentate ligand. Complexes 
CpRu(L)2(H)2+ with monodentate phosphine ligands 
have the trans structure, as does CpRu(PhzP(CH2)s- 
PPhz)(H)2+. Since the Ph2PCH2PPh2 ligand does not 
permit a trans structure, CpRu(Ph2PCH2PPhz)(v2-Hz)f 
has cis P-donor groups and an v2-H2 ligand.46 This is 
presumably a higher energy structure than the trans- 
CpRu(L)2(H)2+ geometry adopted by monodentate 
ligands. Therefore, protonation of CpRu(PhaPCH2- 
PPh2)H to give the less stable cis structure is less 
favorable than protonation of CpRu(PhzP(CHz)3PPhz)H, 
which yields the stable trans product. The CpRu- 
(PhzP(CH2)2PPh2)H2+ complex is an intermediate situ- 
ation since it exists as a mixture of cis and puns 
isomers. Thus, the basicities of the CpRu(L L)H 
complexes are determined by the length of the 
-(CH2),- link between the P-donors; those links that 
permit formation of the more stable trans structure 
upon protonation are the most basic. 

Structural effects of tridentate ligands are observed 
in the -MHM value for fac-W(C0)3[PhP(CHzCH2- 
PPhz)21 (16.7 kcavmol) (eq 281, which is much more 
basic than ~uc-W(CO)~[M~C(CH~PP~Z)~I (10.5 kcaV 
mol) (eq 29).26,47 Like fa~-W(CO)3(PPhzMe)s (15.1 k c d  

(45) (a) Ueng, C. H.; Hwang, G. Y. Acta Crystallogr., Sect. C: Cryst. 
S t r u t .  Commun. 1991, C47, 522. (b) Ueng, C. H.; Lee, R. S. J. Chin. 
Chem. SOC. (Taipei) 1991, 38, 155. 

(46) (a) Jia, G.; Morris, R. H. J .  Am. Chem. SOC. 1991, 113, 875. (b) 
Jia, G.; Lough, A. J.; Morris, R. H. Organometallics 1992, 11, 161. 
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mol, eq 16), both of the tridentate complexes have 
facial structures. Upon protonation, W(C0)3(PPhz- 
Me)3 rearranges48 to a structure in which two CO 
groups are trans to  each other and the three PPhzMe 
ligands are approximately coplanar with the tungsten 
(eq 16). The protonated tridentate tungsten complex 
W(C0)3[PhP(CH&H2PPhz)zl(H)+ has a similar struc- 
ture, and its -MHM value (16.7 kcal/mol) is similar 
to that (15.1 kcaVmo1) of W(C0)3(PPh2Me)3. The much 
lower -AHHM value (10.5 kcavmol) for W(C0)3- 
[CH3C(CH2PPh2)31 presumably results from the in- 
ability of the CH&(CH2PPh2)3 ligand to give a proto- 
nated product with the stable structure in which the 
three P-donor groups are approximately coplanar with 
the tungsten. Thus, the higher energy structure of 
the protonated CHsC(CH2PPh2)3 complex makes AHHM 
much less exothermic for the reaction in eq 29 than 
those in eqs 16 and 28. 

From the studies discussed in this section, it is 
evident that multidentate ligands may increase or 
decrease the basicities of metal complexes by distort- 
ing the reactants or products from their most stable 
structures, that is, structures that are preferred by 
the metal center with monodentate ligands. 

Methylcyclopentadienyl Ligand Effects on 
Metal Basicity 

There has been much interest49 in the e l e c t r o n i ~ ~ ~ ? ~ ~  
and steric effects52 of the cyclopentadienyl ligand and 
its methyl-substituted derivatives on the properties 
of transition metal complexes. For the protonation 
reaction in eq 30,16 

-MHM increases regularly by 1.1 kcaVmol for each 
CH3 group introduced into the Cp ring, as noted for 
the following complexes: (C5H5)Ir(COD) (22.8 kcaV 
mol) < (C5MeH4)Ir(COD) (24.1) < (1,2,3-C5Me3Hz)Ir- 
(COD) (26.4) < (C5Me4H)Ir(COD) (27.5) < (CsMedIr- 
(COD) (28.5). The 5.7 kcaVmo1 higher -h value 
for Cp*Ir(COD) as compared with CpIr(C0D) cor- 
responds (eq 5) to  an equilibrium constant ( K )  for 

(47) Sowa, J. R., Jr.; Zanotti, V.; Angelici, R. J. Inorg. Chem. 1991, 

(48) Zanotti, V.; Rutar, V.; Angelici, R. J. J .  Organomet. Chem. 1991, 

(49) Coville, N. J.; duPlooy, K. E.; Pickl, W. Coord. Chem. Rev. 1992, 

(50)  Gassman, P. G.; Winter, C. H. Organometallics 1991, 10, 1592. 
(51)Ryan, M. F.; Siedle, A. R.; Burk, M. J.; Richardson, D. E. 

(52) White, D.; Coville, N. J. Adu. Organomet. Chem. 1994, 36, 95. 

30, 4108. 

414, 177. 

116, 1. 

Organometallics 1992, 11, 4231. 
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protonation that is 1.5 x lo4 higher for the Cp* 
compound. For the only other pairs of Cp'ML, com- 
pounds (Cp' = Cp* or Cp) for which -AHHM values 
have been determined, the Cp* compound is the more 
basic by the amount indicated: Cp'Ru(PPh3)zH (5.5 
kcal/mol) < Cp'Ru(PMe3)zCl (9.0).l8 The greater ba- 
sicity increase in Cp'Ru(PMe3)zCl upon replacing Cp 
by Cp* may be due to the poorer n-accepting ability 
of PMe3, which makes the Ru in this complex more 
sensitive to  changes in the donor ability of the Cp' 
ligand. It is also possible that Cp* crowding in the 
Cp*Ru(PPh&H complex makes its protonation less 
favorable than it would have been without this steric 
consideration. The $-indeny1 ligand has the same 
effect as Cp since the -AHHM values of (v5-indenyl)- 
Ir(CO)(PPh3) (29.8 kcallmol) and CpIr(CO)(PPhd (30.1) 
are the same within experimental error;20 on the basis 
of results from other studies,53 the y5-indenyl ligand 
has been described as a stronger donor than Cp. 

Hydride and Halide Ligand Effects on Metal 
Complex Basicity 

The influence of hydride and halide ligands (X-) on 
-AHHM was determined in protonations of the CpM- 
(PR&X complexes (eq 31).18 For the CpOs(PPh3)S 

Angelici 

The trend in -AHm values for the CpOs(PPh3)S 
complexes could also be interpreted in terms of the 
size of the X- ligand; the smaller the X-, the more 
favorable the protonation because there would be less 
steric crowding in the product. To test this possibility, 
-AHHM values for the analogous CpOs(PPh2Me)S 
complexes with the less bulky PPhzMe ligand were 
measured. Here, too, the H- complex (39.2 kcal/mol) 
is much more basic (19.2 kcdmol) than the Br- analog 
(20.0). Since the difference between the H- and Br- 
complexes is somewhat smaller in the PPhzMe com- 
plexes (19.2 kcal/mol) than in the more crowded PPh3 
complexes (21.0 kcaumol), steric effects may account 
for a small portion of the large difference in basicities 
between the H- and Br- complexes; however, it cannot 
be the primary factor. In the CpOs(PPh3)S halide 
series, where the differences in AHHM are relatively 
small, the size of the halide ligand may play a role. 
This is supported by the observation that -AHHM (eq 
31) depends only slightly on the halide in the less 
crowded series of CpRu(PMe3)zX complexes, where 
-AHHM increases as follows: I- (20.6 kcal/mol) < Br- 
(20.9) < C1- (21.2).18 Another in te rpre ta t i~n~~ of the 
trend in -AHHM values with different halide (X-) 
ligands considers that both 0- and n-donation of 
electron density from X- contribute to the increasing 
basicity of the metal in the order I- < Br- < C1-. 
Evidence for halide n-donation has been reported in 
other Ru complexes,57 although the effect must be 
small in the CpRu(PMe3)S complexes, where -AHHM 
changes very little with X-. 

The very large difference between -AHm values 
for the CpOs(PR3)S hydride and halide complexes 
suggests that the electron density on the Os is much 
higher in the H- complex. This difference between 
CpOs(PPh3)zH and CpOs(PPh3)zI is 23.2 kcaumol; in 
terms of equilibrium constants (K, eq 5), the H- 
complex is 1.1 x 1017 more basic. To put this large 
difference in K values in the context of other large 
changes in K ,  we note that Ryan, Tilset, and Park- 
er15,58,59 estimated pKa values from electrochemical 
studies for a series of metal hydride complexes HML, 
and the corresponding HMG+ cations. The cationic 
complexes are approximately 21 pKa units more acidic 
than the neutral analogs. For specific pairs of neutral 
and cationic complexes, the differences in pKa units 
are as follows: CpRu(CO)(PPhs)H (23), CpCr(C0)3H 
(22.81, Cp*Cr(C0)3H (23.3), CpCr(CO)2(PPh3)H (23.91, 

(PMe3)H (21.5). Choosing 21 pKa units, i.e., K =  loz1, 
as a representative difference between neutral (0) and 
cationic (H) complex acidities, our difference of 1017 
between the basicities of the H- and I- complexes of 
CpOs(PPh3)S is nearly as large as occurs upon one- 
electron oxidation. If Os is considered to be in the +2 
oxidation state in CpOs(PPh&I, then the effective 
oxidation state of Os in CpOs(PPh&H is only slightly 
higher than +l. This means that the H behaves as a 
H atom ligand and the electrons in the Os-H bond 
are nearly equally shared by the two atoms. 

CpMo(C0)3H (19.9), CpW(C0)3H (19.1), CpW(C0)y 

(56) Caulton, K. G. Chemtracts: Inorg. Chem. 1993, 5, 170. 
(57) Poulton, J. T.; Sigalas, M. P.; Folting, K.; Streib, W. E.; Eisenstein, 

(58) Ryan, 0. B.; Tilset, M.; Parker, V. D. Organometallics 1991,10, 

(59) Tilset, M. J .  A m .  Chem. SOC. 1992, 114, 2740. 

0.; Caulton, K. G. Inorg. Chem. 1994, 33, 1476. 
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complexes, -AHHM increases with X- in the order I- 
(14.1 kcal/mol) < Br- (16.3) < C1- (19.7) < H- (37.3). 
There are two notable trends in these results. First, 
the H- complexes are enormously more basic than any 
of the halide analogs. Second, the basicity of the metal 
increases with the halide in an order, I- < Br- < C1-, 
that is opposite to that expected on the basis of their 
electronegativities. Both of these results can be 
understood in terms of the donor abilities of the X- 
ligands. As we showed for phosphine ligands, -AHm 
values of complexes increase as the basicities of their 
PR3 ligands increase. For the X- ligands, we choose 
the gas-phase proton affinities (PA) of the X-(g) ions 
as measures of their basicities; their PA values 
increase as follows: I- (314.3 kcal/mol) < Br- (323.6) 
< C1- (333.3) < H- (400.4).54~55 These values are in 
the same order as the -AHHM values for the CpOs- 
(PPh3)a complexes; moreover, there is an excellent 
correlation (eq 32,18 r = 0.9995) between -AHHM and 
PA. Since PA values are for a large number 

-AHHM = 0.2698(PA) - 70.64, in kcallmol (32) 

of other X-(g) ions, eq 32 should be useful for predict- 
ing basicities of other CpOs(PPh3)S complexes, in- 
cluding those of CH3, NR2, and SR, where -A&M 
cannot be measured because protonation either occurs 
on X- or leads to  removal of the X- ligand as HX. 
(53) Frankcom, T. M.; Green, J. C.; Nagy, A.; Kakkar, A. K.; Marder, 

T. B. Organometallics 1993, 12, 3688. 
(54) (a) Bartmess, J. E.; Scott, J. A.; McIver, R. T. J .  Am. Chem. Soc. 

1979,101,6046. (b) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, 
J. L.; Levin, R. D.; Mallard, W. G. Gas-Phase Ion and Neutral Thermo- 
chemistry. J .  Phys. Chem. Ref. Data 1988, 17, Suppl. No. 1, 1-872. 

(55)  Lias, S. G.; Liebman, J. F.; Levin, R. D. J .  Phys. Chem. Ref. Data 
1984, 13, 695. 



Transition Metal Complex Basicities 

The remarkable ability of H- to increase the basicity 
of a metal complex affects significantly the chemistries 
of its complexes compared to those of the correspond- 
ing halide derivatives. While the above -AHHM 
measurements are only for the CpOs(PR3)2X system, 
qualitative results suggest that, in general, hydride 
complexes are surprisingly basic toward protons even 
when the metal is in a high formal oxidation state, 
e.g., R ~ H s ( P P ~ ~ ) ~ , ~ O  O~H4(PPhMe2)3~l (see next sec- 
tion), and many  other^.^^^,^^ In contrast, halide com- 
plexes with the metal in a high oxidation state canot 
be protonated; even in low oxidation states, halide 
compounds are not often protonated. The high basic- 
ity of hydride complexes is important in catalytic 
systems involving hydrogenation (H2) of a substrate. 
The degree of protonation of hydride intermediates 
will be strongly influenced by the presence of hydride 
or halide ligands. In general, the hydride ligand 
imparts quite different properties to a metal complex 
than a halide does despite the fact they are both 
considered as formally - 1 ligands. 

ACC. Chem. Res., Vol. 28, No. 2, 1995 59 

CpIr(PPh3) system corresponds to  a decrease in the 
protonation equilibrium constant (eq 5) of only 4.4 x 
lo7, which is substantially lower than the 1021 de- 
crease expected for even a one-electron oxidation. 
Thus, while the -AHHM values suggest that the 
electron density on Ir in CpIr(PPhs)(H)z is lower than 
that in CpIr(PPh3)(CO), the difference is much smaller 
than would be expected for a formal oxidation of Ir 
from $1 to +3. 

The effect on -AHHM of replacing (HI2 by PPhMe2 
was studied in protonations of (H)40s(PPhMe2)3 (eq 
34)63,64 and (H)20~(PPhMe2)~ (eq 35).63 As replace- 

Effects of Isoelectronic Ligand Groups on 
Metal Complex Basicities 

Since many transition metal complexes follow the 
18-electron rule, one ligand or set of ligands may be 
replaced by an isoelectronic set of ligands to  give a 
new complex that also obeys the 18-electron rule. In 
the studies described in this section, we sought to  
understand how such isoelectronic ligand replace- 
ments affect the basicities (-AHHM) of metal com- 
plexes. We compare complexes with the isoelectronic 
series of ligands: (H)2, CO, and PR3. In another 
series, basicities of complexes with the ligand sets Cp 
and (H>(PR& are compared. While the interpretation 
of differences in -AHHM values for complexes with 
isoelectronic ligand sets is inherently risky because 
of the different structures of reactants and products, 
the results may allow us to  estimate basicities of a 
broader range of complexes. 

For the (HI2 and CO ligand sets, we determined 
-MHM values for the protonation (eq 3363) of CpIr- 
(PPh3)(H)2 (19.7 kcaYmo1) and CpIr(PPhs)(CO) (eq 13, 
30.1 kcdmol). The 10.4 kcaYmo1 lower basicity of the 

dihydride complex indicates that, despite the strong 
donor ability of the H- ligand as compared with the 
halides, the strongly n-accepting CO ligand neverthe- 
less gives the most basic complex. Formally, the 
oxidation state of the Ir is f 3  in the (H)z complex but 
only +1 in the CO compound. It was noted in the 
previous section that a one-electron oxidation causes 
an approximately 1O2I  decrease in the protonation 
equilibrium constant. The 10.4 kcaYmol reduction in 
basicity observed upon replacing CO by (HI2 in the 

(60) Moehring, G. A,; Walton, R. A. J. Chem. Soc., Dalton Trans. 1987, 

(61) Hart, D. W.; Bau, R.; Koetzle, T. F. J. Am. Chem. SOC. 1977, 99, 

(62)Heinekey, D. M.; Oldham, W. J., Jr. Chem. Rev. 1993, 93, 913. 
(63) Rottink, M. K.; Angelici, R. J. Inorg. Chem. 1993, 32, 3282. 
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(PR3 = PPhMe,) 
(PR3 = PPh,Me) 

PR3 
(PR, = PPhMez) 
(PR3 = PPh,Me) 

PR3 

ment of (HI2 by CO increased the basicity of the metal 
in the CpIr(PPh3) complexes, the substitution of (H)2 
in (H)40s(PPhMe2)3 (27.7 kcaYmol) by PPhMe2 to give 
(H)20s(PPhMe2)4 (43.3 kcaYmo1) also increases the 
basicity of the Os; this increase (15.6 kcaYmo1) is 
somewhat larger than observed for (HI2 replacement 
by CO (10.4 kcaYmo1). Thus, the increase in metal 
basicity with these isoelectronic ligands follows the 
trend (HI2 < CO < PR3. It should be emphasized that 
these comparisons are qualitative because of the 
substantial differences in reactant and product struc- 
tures. 

It is rather remarkable that (H)40s(PPhMe2)3 (27.7 
kcaYmo1) is nearly as basic as pyridine (29.3 kcaYmo1) 
despite the f 4  oxidation state of the Os. The dihy- 
dride complex (H)zOs(PPhMezk (43.3 kcaYmol) is even 
more basic than Et3N (39.3 kcaYmo1). These results 
illustrate again the strong donor ability of H- ligands. 

Structural differences in reactants and products 
make interpretations of -AHHM values for complexes 
of the Cp and (H)(PR& isoelectronic ligand sets even 
more speculative. Replacement of Cp in CpIr(PPh3)- 
(CO) (30.1 kcaYmol) by (H)(PPh3)2 in (H)(PPh3)2Ir- 
(PPh3)(CO) (eq 36,63 38.8 kcaYmo1) increases the Ir 
basicity by 8.7 kcaYmol. On the other hand, replace- 

9 ? l+ 
I H+ Ir,.aPPh3 

co co 
Ph3P--I<PPh3 I PPh3 + CF3S03H - Ph3Pdi 1PPh3 CF$03. (36) 

ment of Cp in CpOs(PPhzMe)2H (39.2 kcaYmo1) by (HI- 
(PPhzMeh in (H)(PPh2Me)zOs(PPhzMe)dH) (eq 35, 
38.8 kcaYmo1) slightly decreases the basicity of Os by 
0.4 kcaYmol. Thus, -AHHM differences between re- 
lated Cp and (H)(PR3)2 complexes are not sufficiently 
consistent to  be useful for estimating -AHHM values 
for these types of complexes. 

(64) Johnson, T. J.; Albinati, A,; Koetzle, T. F.; Ricci, J.; Eisenstein, 
0.; Huffman, J. C.; Caulton, K. G. Inorg. Chem. 1994, 33, 4966. 
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Replacement of Cp* in Cp*RuCp* (19.0 kcal/mol) by 
(H)(PPh3)2 to give (H)(PPhs)nRuCp* (eq 31, 35.2 kcall 
mol) increases the basicity of the Ru by 16.2 kcaVmo1. 
Replacement of both Cp* ligands in Cp*zOs (26.6 kcal/ 
mol) by two (H)(PPhZMe)z sets to give HzOs(PPhzMe)4 
(38.8 kcal/mol) increases the Os basicity by 12.2 kcaV 
mol. 

For the multihydride complexes described in this 
section, we also observed that -AHHM for the proto- 
nation (eq 33) of CpIr(ER3)(H)z increases with ER3 in 
the order P(OPh)3 (11.9 kcal/mol) < AsPh3 (19.4) - 
PPh3 (19.7).63 For the cis-(H)20s(PR3)4 complexes, the 
basicities (eq 35, -AHHM) increase with the PR3 ligand 
in the order P(OEt)3 (34.2 kcal/mol) -= PPh(0Et)z (37.2) 
< PPhzMe (38.8) < PPhMez (43.3).63 

Effects of Different Metals within the Same 
Group 

With few exceptions, the basicities of transition 
metal complexes reported in the literatureg increase 
as the metal is replaced by successively heavier metals 
from the same group. The same general trend is 
observed in systems where AHHM has been deter- 
mined. Thus, for the following pairs of Os and Ru 
complexes, -AHHM of the Os derivative is more 
positive than that of the Ru analog by the amount 
(kcaVmol) indicated in parentheses: CpM(PMe3)zI (6.0 
kcdmol), CpM(PPh3)zH (7.6), Cp*zM (7.6), CpM- 
(PMe3)zBr (8.5). These results indicate that replace- 
ment of Ru by Os increases the basicity of the complex 
by 6.0-8.5 kcaVmo1, with an average value of 7.4 kcal/ 
mol. 

For the cZS-M(CO)Z(P~~PCHZPP~Z)Z series of com- 
plexes, the -"I values increase as the group 6 
metal becomes heavier in the following order: Cr (25.5 
kcaVmol) < Mo (29.7) < W (31.5). However, for the 
closely related C~S-M(CO)Z(P~~PCHZCHZPP~Z)Z com- 
plexes, -AHHM is larger for Mo (27.4 kcal/mol) than 
W (25.1); this is one of the few exceptionsg to the 
normal trend. 

Angelici 

Conclusion and Trends 

From these AHHM results, we can extract the fol- 
lowing conclusions that might be of use to chemists 
whose applications of organometallic complexes de- 
pend on knowing something about the basicity or 
electron richness of a metal complex. These guidelines 
may be useful for estimating basicities (-Ma) of 
complexes related by the substitution of one ligand for 
another; by using eq 5 ,  differences in protonation 
equilibrium constants ( K )  can be approximated: 

(1) The -Ma of a complex depends linearly on the 
basicity (-AHHP or pK,) of its phosphine ligands. 
Replacement of a PPh3 ligand by PMe3 increases the 
basicity of the metal by 3.1-6.6 kcdmol. 

(2) Chelating phosphines can increase the basicity 
of a complex by distorting the structure of the reactant 
from its most stable geometry. Chelate-induced dis- 
tortions of the protonated product decrease the basic- 
ity of the complex. 

(3) Replacement of Cp by Cp* increases the basicity 
of the complex by 5.5-9.0 kcaVmo1. 

(4) For the CpM(PR3)zX complexes (M = Ru, Os), 
the basicity increases in the order I- < Br- < C1- < < < 
H-. The -AHHM values correlate with the proton 
affinities (PA) of the X- ligands. The H- complex is 
approximately 20 kcal I mol more basic than the halide 
analogs. 

While these guidelines are useful for complexes that 
are modifications of compounds whose basicities are 
known, the only way to determine basicities of other 
types of complexes is to measure them experimentally. 
We still have much to learn about the factors that 
influence the basicities of metal complexes. 
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