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Computed Ligand Electronic Parameters from Quantum Chemistry and Their Relation to
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The calculated (DFT, B3PW91),A/(CO) frequency in LNi(CO) defines an electronic parameter that reliably
predicts the relative donor powers of a wide variety of cationic, neutral, and negatively charged ligands. These
calculated parameters correlate very well with the available Tolman and Lever parameters, and also with Hammett's
om, Where available. The method avoids any experimental limitations and, in particular, can be used for proposed
ligands not yet experimentally available.

Introduction do not give the required stableINi(CO); complex. The mixed
ligands in series of theoretical interest, such as, PHLF, PHF,,

and PFR, are not commonly available or easily studied experi-
mentally, but empirical substituent parameters do allow the
Tolman electronic parameter (TEP) to be reliably estimated for
substituted phosphinéS EP values for bidentate or polydentate
ligands are not directly obtainable from LNi(COHowever,

for bidentate ligands, IR data faris-[L.,Mo(CO)] (2) were

The properties observed in a series of transition metal
complexes can vary widely and are mainly determined by the
electronic and steric effects of the ligands L. Ideally, one would
like to be able to estimate these effects, not just for known
ligands but also for ones that are merely being considered for
future work. In this paper, we propose a computational method

for estimating the electronic parameters of ligands, applicable previously showh to correlate very well with the TEP, and

whether or hot they are available for experimental study.. reliable data can be obtained for monodentate and bidentate
Two widely used sets of parameters seem to measure I'gandligands with this convenient system.

electronic effects satisfactorily. The best known is Tolman’s

electronic parameter (TEP) for phosphinegPRbased on the

position of the A »(CO) vibration of (RP)Ni(CO) in the IR

An alternative series of electronic parameters, found by
Lever>6is based on the electrochemid& value for various
redox couples, notably Ru(lll)/Ru(ll), in series of complexes
spectrum. The better the donor p(?wefr of l,(tthe lower the ~ -ontaining the ligands of interest. The data are deconvoluted
v(CO)_wbratlon bgcomes as aresult o .bac -donatlon.mto CO into Lever electronic parameters (LEP) for individual ligands.
r* orbitals. A steric parameter, also available but not discussed | o\ ar parameters have the advantage of covering a much wider
further here, is estimated from the cone angle of theINi  got of jigands than Tolman parameters, including anionic and
fragment, measured _from a space-filling _model, taking care 10 _ and N-donor ligands. One limitation is that the measurement
fold back any dangling groups on the ligand. The resulting requires the use of an electrochemical apparatus, not available
Tolman parameters have been of the greatest help in undery, 55 many laboratories as is IR spectroscopy. In addition,
standing the role of electronic and steric effects of phosphines gactrochemical irreversibility can degrade the quality of the

in organometallic chemistry and homogeneous catalysis. AS @at5 for certain ligands and solvation and ion-pairing effects
measure of its importance to the field, the key Tolman reView might interfere to some extent.

has bgen cite;d more than 1700 tinjeds2 and is the third most cited Both TEP and LEP are believed to measure the net donor
chemical review of the 194595 period? The data are normally power of ligand L toward the probe Ni(0) or Ru(ll). Net donor

incorporated int_o a ‘_‘Tolman map”, which shows _the Iocgtion power refers to the net transfer of electron density from ligand
of each phosphine ligand and therefore the relative steric and;; netal fragment, counting both and  effects. Relatively
electronic effects of each ligand. _ few ligands appear in both series, so the quality of any
The Tolman approach has a few limitations, however. While ¢qrrelation between TEPs and LEPs has been hard to judge.
the steric parameter of a new liganelven one that is planned  This may reflect the specific experience of the investigators:
but not yet synthesizeds relatively easy to obtain using  the TEP tends to be measured by organometallic chemists and
molecular models, finding the electronic parameter relies on ihe | EP by coordination chemists. In principle, there is no
the synthesis first of L and then of LNi(C@(1), followed by reason to expect a very precise correlation between the two
spectroscopic study df. The notorious toxicity of a common  yarameters. Of course, differences between the probes Ni(0) or
precursor, Ni(CQ) makes the procedure troublesome. Some Ru(ll), and possibly also differences between the ways the

important ligands, like pyridine, NO, 4D, H;S, and all anions,  jigands and complexes behave in the IR and electrochemical
T Universitede Montpellier 2. (3) Tolman, C. AJ. Am. Chem. S0d.97Q 92, 2953.
*Yale University. (4) Anton, D. R.; Crabtree, R. HOrganometallics1983 2, 621.
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(2) Michl, J.; Gladysz, J. A.; Kuchta, R. BChem. Re. 200Q 100, 1. (6) Lever, A. B. P.Inorg. Chem.1991, 30, 1980.
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assays, might easily lead to differences in the order of ligands Table 1. CEP (cm?) and TEP (cm*)* for Selected Ligands

in X\eh_TEP vs the LEP listing.. | g < chem ligand TEP  CEP ligand TEP  CEP
the Hammett Substiuent constamsneeds to be condderéd. | . 208 220Lz Ple — 20763 21643

A e : PHF, 2100.9 2190.0 PHMe 2069.6 2158.1
These were defined from the ionization constants of the pp,F 2090.9 2179.6 P(CHCH,); 2069.5 2155.4
appropriately substituted benzoic acids as shown in eq 1, where P(OMe) 2079.5 21713 PMe 2064.1 2152.4
Ky is the ionization constant for benzoic acid in water at@5 PH; 2083.2 2170.8 P(NMgs 2061.9 2151.0
andKy is the corresponding constant fomeeta (o) or apara- PMe(CF) 2080.9 2169.7 PGl 2097.0 21970

substituted ¢,) benzoic acid. We use tha, because it gives  tp1e 2. Coupled CEP (cr) and Uncoupled CEP* (crd)
the best correlation (vide infra). In addition, the electronic icand CEP _CEP* A* liand CEP CEP* A
influence of ametasubstituent does not involve any resonance 92" 'gan

effects. However, not all the required substituted benzoic acids NO*  2287.4 22815 59 NCH 2167.7 2172.9-5.2

i i ionic X- i (6{0) 2210.6 2193.2 174 CCH 2106.7 2103.0 3.7
3revz\|/3(|algble, and essentially only anionic X-type ligands have cs 1873 21862 11 Sj 20007 20812 95
m .

CR 21867 21853 14 H 20743 20722 2.1
N, 21858 2188.1 —2.3 NO 20752 2070.6 4.6
o(X) = log Ky — log Ky, 1) AsH; 2169.4 21719 —2.5

aA = CEP— CEP*,

By computing electronic parameters, we avoid many of the
limitations described above. We no longer need to have the relativistic effective core potential (RECP) from the Stuttgart group
ligand in hand or to make a Ni or Ru derivative, and we can and its associated basis $&The phosphorus atoms were also treated
use the broadest range of ligands. Many different approacheswith Stuttgart's RECPs and the associated basi¥seigmented by a
can be envisaged, but we felt that we needed the calculation topolarization d functiond = 0.387). A 6-31G(d,gf basis set was used
be rapid and easy, and we wanted the result to have a closdor all non-phosphorus atoms in L. Hoyvever, for some big ligands
relation to an existing electronic parameter for ease of inter- (PMe, P(OMe}, P(NMe)s, SMe,, OMe;, SiMe;, and CMg), the atom
pretation. Computation of an LEP is not straightforward because 3¢ty bonded to Niwas represented by a 6-31G(d,p) basis set whereas
. “the remainder of the ligand was treated with a 6-31G basis set. An
of solvent_effects and pgcause Ru(lll) is an open'shell Sys'“:"m’analogous methodology gave very good results for various M(CO)
both are likely to be difficult to model. Computation ofag,

s complexes?®
value could be as difficult because solvent and temperature Each local extremum was verified as a minimum by an analytical

effects must be important in the ionization process and would equency calculation. The highesCO) vibrational frequency without

be very difficult to reproduce accurately. In addition, the proton any scaling factor defines the computed electronic parameter (CEP).

is not the most appropriate probe. Computing a TEP, which To eliminate the vibrational coupling between L and the Ni(€O)

relies only on the determination of a vibrational frequency, fragment, the results from the frequency calculations are saved in a

seemed to be a much more promising approach. formatted checkpoint file from Gaussian 98. A new formatted check-
In this paper, we use quantum chemical methods to calculatepoint file is created where only the geometry of the Ni(gfagment,

the predicted A »(CO) vibration of (L)Ni(CO} for a wide as optir_nized in L_Ni(COg) is_ included. Also given is the Hessian sub-

variety of L (68 ligands§. The resulting computationally derived =~ Matrix in Cartesian coordinates for the Ni(GGjagment where the

ligand electronic parameter (CEP) is shown to correlate contibutions of all the atoms in L have been deleted from the ful

extremely well with the experimental TEPs, LEPs, and Hessian matrix. Thg vnbra}lpna’! frequencies of this hypothet_lcal Ni-

. ’ ’ - (CO); fragment within the “field” created by L are obtained with the
constants where avz?lllable. The m_ethod therefore provides afreqchl@ utility of Gaussian 98. The highesfCO) vibrational frequency
powerful and convenient way to estimate electronic parameters,yithout any scaling factor defines the computed electronic parameter,
for any ligand L, even at the design stage of an investigation dgevoid of any vibrational coupling (CEP¥).
before the ligand has been synthesized.

Computational Details Results
All calculations were performed with the Gaussian 98 set of  CEP folr Phosphine !_igandS.DFT (B3RW91) calculations
programs® The complex LNi(CO) was optimized without any  were carried out on LNi(CQ)or a wide variety of L (see Table
symmetry constraint within the framework of density functional theory 5). A frequency calculation on the fully optimized structure for
at the B3PW9L1 levelt The nickel atom was represented by the LNi(CO)syielded the predicted Av(CO) vibrational frequency,
which serves as a definition for the computed electronic
(7) Hansch, K.; Leo, A; Taft, R. WChem. Re. 1991, 91, 165. __parameter (CEP). These provide information about the net
(8) Several theoretical studies have been concerned with the bondlngd " h fthe li ds L. following Tol ,
properties of LM(CO) with a variety of L, but the focus of these onor/acceptor character of the ligands L, following Tolman’s
studies was differerft. proposal. Other parameteisg and Cg, have been derived by
(i?)% IF:”?H‘;]'H'E\J/I %-;_'Iffbllﬁh, g-svheg-hﬁ?e- 2|0qu éOQS717- G E Robb Drago et al® and have been shown to apply to phosphine
riscn, M. J.; Trucks, G. ., oChlegel, A. b.; Scuseria, G. E.; RODD, . P 7 . _
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; ligands. Giering _et al” have proposed _eleCtrO_Chemlcal para_m
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, €ters for phosphines and some other ligands in order to estimate

A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, relative o andzr contributions to the bonding.
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;  (12) Andrae, D.; Hassermann, U.; Dolg, M.; Stoll, H.; Preuss, Fheor.

Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Chim. Actal99Q 77, 123.
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.  (13) Bergner, A.; Dolg, M.; Kohle, W.; Stoll, H.; Preuss, HMol. Phys.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, 199Q 30, 1431.

A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; (14) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdal973 28, 213.
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, (15) Jonas, V.; Thiel, WOrganometallics1998 17, 353.
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998. (16) Drago, R. S.; Joerg, S. Am. Chem. S0d.996 118 2654.
(11) (a) Becke, A. D.J. Chem. Phys1993 98, 5648. (b) Perdew, J. P.; (17) Golovin, M. N.; Rahman, M. M.; Belmonte, J. E.; Giering, W. P.
Wang, Y.Phys. Re. B 1992 82, 284. Organometallics1985 4, 1981.
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Table 3. CEP (cm?) and LEP (V¥ for Various Ligands

ligand LEP CEP ligand LEP CEP
NO* 1.2 2287.4 r -0.24 2120.4
CO 0.99 2210.6 Br —0.22 2120.2
H, 0.8¢¢ 21924 F —0.42 2102.7
N2 0.68 2185.8 OH —0.59 2091.9
CoHa4 0.76 2172.6 CN 0.02 2115.0
P(OMe) 0.42 2171.3 NH 0.07 2161.8
NCMe 0.34 2167.3 ED 0.04 2174.4
SMe, 0.31 2161.3 H —0.30 2074.3
PMe; 0.33 2152.4 NO 0.02 2075.2
Cl- -0.24 2120.8

aFrom ref 24.

Table 4. CEP (cm?) and oy’ for Various Ligands

ligand Om CEP ligand Om CEP
Br- 0.39 2120.2 CCH 0.21 2106.7
Cl- 0.37  2120.8 CHCH," 0.06  2080.0
F 0.34  2102.7  SiMg —0.04  2063.4
I~ 0.35 21204 t-Bu- —-0.10  2062.8
H- 0.00 20743 NH 0.86 2161.8
OH- 0.12  2091.9 SMe 1.00 2161.3
SH- 0.25 21025 PMe 0.74  2152.4
SiHz~ 0.05  2090.7 Y 1.76  2185.38
Me~ —0.07  2065.7 —CN- 0.56  2115.0
OMe~ 0.12  2099.0 —NC- 0.48 21219
SMe~ 0.15 2097.1

Perrin et al.

of 2155.9 cmi! for NMes (Table 5), we predict a TEP of 2067.6
cm~1, in excellent agreement with experiment.

Vibrational Coupling between L and Ni(CO)s. It is well-
known that some ligands L show vibrational coupling between
L and Ni(CO}.22 By defining an electronic ligand parameter
from computation, we were concerned that this vibrational
coupling could alter the apparent electronic influence of the
ligand L. We have thus devised a simple scheme to estimate
the magnitude of the coupling. With the Hessian matrix of the
complex LNi(CO} in hand, it is possible to extract the sub-
matrix of the Ni(CO) fragment. The diagonalization of this
matrix yields thev(CO) frequency of an “isolated” Ni(CQ)
fragment in the field created by the ligand L. This frequency
defines an uncoupled computed electronic parameter CEP*.
Among the 68 ligands, we have considered (Table 5) only 11
to have a CEP* differing from the CEP by more than 1ém
(Table 2).

The highest difference is observed, as expected, for CO with
17.4 cnl. Ligands with stretching frequencies and reduced
masses close to that for CO also exhibit a significant shift: e.g.,
SiHs™ (9.5 cnl) and NO™ (5.9 cnT?).

Whether we consider CEP or CEP* as the appropriate
measure of the overall electronic effect of the ligand L, the two
scales do not differ significantly. The main difference concerns
CO, one of the most electron-accepting ligands of all on the

As a.first. test of our methpdology, we compared. CEPs for ~gp scale, although it is less accepting than, (@F= Bi, As,
phosphine ligands with experimental IR spectroscopic measure-gy, P) on the CEP* scale (Table 5). On the CEP* scale vs the

ments (Table 1 and Figure 1). When all data are used in the ~p N becomes more accepting than CS and, @Fd SiH -

regression, the correlation coefficient is an excellent 0.982.
However, from Figure 1, the point for PCseems to be an
outlier; when discarded from the regression, the correlation
coefficient becomes 0.996. The experimental value fog Ry

be less accurate as the Ni complex is rather unsfable.

From the regression analysis, we obtain the following
equation (eq 2) relating calculated CEPs (éo experimental
TEPs (cn1Y):

TEP= 0.9572CEP+ 4.081 (2)

This relation can be used to estimate a TEP for the few
ligands, other than PRwhere experimental values are available.
The v(CO) frequency for Ni(CQ) in CCls solution, 2125
cm~1,18 compares well with the TEP value of 2120 thas
deduced from the CEP value of 2210.6¢n(Table 5) in eq 2.

(N2)Ni(CO)s, observed by Turner et df,shows an A v-
(CO) frequency at 2101 cm in liquid krypton. Using a CEP
of 2185.8 cnm! (Table 5) in eq 2, we obtain a predicted TEP
of 2096.2 cml, in excellent agreement with experiment.
Moreover, a measurement in soli¢ Melded a value of 2098
cm~1 for the TEP?°

Finally, cis-[(NMe3),Mo(CO),] has av(CO) of 2017 crt.2t
Anton and Crabtréehave shown that a very good correlation
exists betweem(CO) frequencies focis-[L ,M0o(CO)] and LNi-
(CO); systems and have established eq 3:

vy = 0.593,,, + 871 3)

The predicted experimental frequency for the hypothetical
(NMe3)Ni(CO); thus becomes 2067.1 crh Using a CEP value

(18) Jonas, V.; Thiel, WJ. Chem. Phys1995 102 8474.

(19) Turner, J. J.; Simpson, M. B.; Poliakoff, M.; Maier, W. B.,JIl.Am.
Chem. Soc1983 105, 3898.

(20) Rest, A. JJ. Organomet. Cherml972 40, C46.

(21) Gao, Y.-C.; Shi, Q.-Z.; Kershner, D. L.; Basolo,Jiforg. Chem1988
27, 188.

becomes more donating thanPh

Despite these small differences, the order is essentially the
same for the two scales (Table 5). Even if CEP* might ideally
be considered as the best measure of the intrinsic donor power
of the ligand L, barring any vibrational coupling, we have chosen
to adopt the CEP scale as a working data set for further
comparison because of the greater ease of the CEP calculation.

Transferability between CEP and LEP.CEPs are available
for a broad range of ligand types, and there is a good overlap
of data points with LEPs. This allowed us to look for a
correlation with all the ligands in Table 3 included, and the
correlation coefficient is a modest 0.91.

For example, in [Ru(bipy)s—2n]™" (n = 0—3; bipy = 2,2-
dipyridyl), with an Ru(ll1)/Ru(ll) potentiaEps the LEP value
for ligand L was derivedfollowing eq 4:

E,(RU"/RU') = 0.5In + (6 — 2n)LEP (4)

In general, one may have data for complexes of the type Ru-
(bipy).L> and Ru(bipy)L, providing two independent evalua-
tions of LEP, once a value for LEP(bipy) is assumed. This
approach works very well for a wide range of ligands but is
less satisfactory in certain specific cases.

For hydride, the predicted CEP is far out of line with the
one usually adopted. However, the redox couples for Ru are
not electrochemically reversible in this case, so the LER(H
value of—0.3 V was derived from th@,_ ligand parameter of
Pickett and Pletché&tthrough the relationship derived by Lever
(eq 5)° based on electrochemical measurements on chromium
carbonyls (eq 6). The accuracym®f(H™) and hence of LEP(H

(22) Crabtree, R. HThe Organometallic Chemistry of the Transition
Elements3rd ed; Wiley: New York, 2001.
(23) Pickett, C. J.; Pletcher, D. J. Organomet. Chenl975 102, 327.
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Table 5. CEP and CEP* Data for All Ligands Studfed

CEP CEP* TEP LEP CEP CEP* TEP LEP
ligand  (cm™l) (cm™?) (cm™) V) Om ligand ecm?)  (ecm™) (cm?) V) Om

NO* 22874 22815 21935 19 212 NMe 21559 21559 2067.6 0.25 0.80
CH" 2283.2 2283.2 21895 1.84 2.08 ShMe 21559 2155.7 2067.6 0.25 0.80
CO 2210.6 2193.2 2120.0 0.99 1.35 P(CH=CH,); 2155.4 2155.2 2069.5 0.24 0.79

BiF3 2207.3 2207.2 2116.8 0.89 1.32 AspMe 2155.2 21549 2067.0 0.24 0.79
AsF; 2205.1 2205.0 21147 0.86 1.30 Gl 2155.0 2154.0 2066.8 0.24 0.79
Sbk 22029 22029 2112.6 0.83 1.27 G5 2153.6 2153.0 2065.4 0.22 0.78
PR 2201.2 2200.7 2110.8 0.81 1.26 PMe 2152.4 2152.0 2064.1 0.33 0.74
PCk 2197.0 2196.6 21072097)® 0.76 1.21 P(NMg)3 2151.0 2150.5 2061.9 0.19 0.75
7?-Ha 21924 21924 2102.6 0.8 1.17 G6 2150.1 2149.6 2062.1 0.18 0.74
PHF, 2190.0 2189.9 2100.8 0.67 1.14 G2 2142.8 2142.3 2055.1 0.09 0.67
NF3 2189.9 2189.1 2100.2 0.67 114 G3 21421 21417 2054.4 0.08 0.66
CS 2187.3 2186.2 2097.7 0.64 1.12 G4 2137.6 2136.9 2050.1 0.02 0.62
Ck 2186.7 2185.3 2097.1 0.63 111 NC 21219 21219 2035.1 —0.18 0.48

o-N2 2185.8 2188.1 2096.3 0.68 1.10(@.76> CI- 2120.8 2120.8 2034.0 —0.24 0.37
CCH, 21835 21826 2094.1 0.59 1.08 1 21204 2120.4 2033.6 —0.24 0.35
PHF 2179.6  2179.6 2090.9 0.54 1.04 Br 2120.2 2120.2 2033.5 —0.22 0.39

CH; 21785 2178.2 2089.3 0.53 1.03 CN 2115.0 21158 2028.5 0.02 0.56
BiH3 2176.7 2175.8 2087.5 051 1.01 HCC 2106.7 2103.0 2020.5 —0.36 0.21

H.0 21744 21744 2085.3 0.04 0.99 F 2102.7 2102.6 2016.8 —0.42 0.34
CoHa 21726 21725 2083.6 0.76 0.97 HS 2102.5 21025 2016.5 —0.42 0.25
SbH; 21725 2171.2 2083.5 0.46 0.97 MeO 2099.0 2098.8 2013.2 —0.46 0.12
MeO 21719 21719 2082.9 0.45 0.96 MeS 2097.1 2097.0 2011.3 —0.48 0.15
P(OMe} 2171.3 2170.9 2079.5 0.42 0.96 OoH 20919 20919 2006.4 —0.59 0.12

PHs 2170.8 2170.9 2083.2 0.43 0.95 SiH~ 2090.7 2081.2 2005.2 —0.56 0.05

H2S 2170.2 2170.2 2081.3 043 0.94 Ph 2085.8 2085.5 2000.5 —0.62 0.09
PMeCF; 2169.7 2169.3 2080.9 0.42 0.94 0-(CH=CH,) 2080.0 2079.3 1995.0 —0.70 0.06
AsH3 2169.4 21719 2080.6 0.42 0.94 BOH2)~ 2075.8 2075.2 1991.0 —0.74 —0.01
NCH 2167.7 21729 2078.9 0.40 0.92 NO 2075.2 2070.6 1990.4 —0.75 0.02° —0.01

NCMe 2167.3 2167.8 2078.5 0.34 0.91 H 2074.3 2072.2 1989.5 —0.76 (-0.30° 0.00
PH.Me 2164.3 2164.2 2075.3 0.35 0.88 B(QCzHa)~ 2071.3 2070.7 1986.6 —0.80 —0.05
NH3z 2161.8 2161.8 2073.3 0.07 0.86 CHs™ 2065.7 2065.3 1981.3 —0.87 —0.07
Me,S 2161.3 2161.2 2072.8 031 1.0 B(OH),~ 2065.0 2065.0 1980.6 —0.88 —0.11
BiMes 2160.4 2160.3 2071.9 0.30 0.85 SiMe 2063.4 2062.8 1979.1 —0.90 —0.04
PHMe; 2158.1 2157.9 2069.6 0.28 0.82 t-Bu~ 2062.8 2062.6 1978.5 —0.90 —0.10

aValues in bold for TEP (cm'),! LEP (V) andon’ have been used in the regression analysis; the other values have been determined via eq
2 (TEP), eq 7 (LEP), and eq %{). °Values in parentheses are experimental values excluded from the regression.

2120.0
— 2110.0
'e
2 21000 |
b a
e =
>
S 20000 I <
o o,
o PCI, u
w L)
= 20800 | .
]
[
g 2070.0 - .
[]
3
W 20600 - ¢ |
i 2100.0 2150.0 _12200.0 2250.0 2300.0
\ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | CEP (cm™)
2150.0 2160.0 2170.0 2180.0 . 2180.0 22000 2210.0 2220.0 . . B
CEP (cm™) Figure 2. Correlation between CEP (ctf) and LEP (V). NO~ and
H~ have been excluded from the regression and are shown as open

Figure 1. Correlation between CEP (crf) and TEP (cm™t). PCk mbols
has been excluded from the regression and is shown as an open symboﬁy '

is not high, and Morris has suggested that an LEP valueQo# L = NO, on the other hand, the structure might change, in

V is more appropriaté which case differences in charge transfer to the metal could
occur upon oxidation, and the LEP would be perturbéd.
P, =1.17LEP- 0.86 (5) Finally, water and ammonia show some variability in LEP,
possibly as a result of hydrogen bonding with solvent.
PL= EyICr(CO)] — Ey,[Cr(CO)L] (6) To improve the correlation, we have thus excluded ad

) . . . o NO~ from the data set. Figure 2 shows the resulting linear fit
~ The nitrosyl ligand is unusual in having linear and bent forms, jth the excluded data represented with open symbols. The
implying a 2 redox change at the metal. For= NO*, the excellent correlation coefficient of 0.960 allows us to express

nitrosyl |Igand is linear in both oxidation states and the Charge the linear relationship between CEPs and LEPs (eq 7)
transfer from Ru to NO is expected to be similar in both. For

(25) Dodsworth, E. S.; Vicek, A. A.; Lever, A. B. fhorg. Chem.1994
(24) Morris, R. H.Inorg. Chem.1992 31, 1471. 33, 1045.
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LEP (V) = (1.246x 10 )CEP (cm™) — 26.619 (7)

If the data for NH and HO, also shown in Figure 2, had also
been excluded, the correlation coefficient would have been
0.985.

Equation 7 enables us to derive LEPs for ligands where
experimental values were not available (Table 5). Moreover,
we can use the relationship to propose new LEPs fo(+0.76
V) and NO (—0.75 V). The agreement between the appropriate

CEPs and both TEPs and LEPs has the further consequence
that TEPs and LEPs are mutually related despite the difference

in probe, Ni(0) vs Ru(ll), and the difference in method, IR
spectroscopy vs electrochemistry. This implies a full transfer-
ability between LEP and TEP as embodied in the relationship
of eq 8:

TEP (cm) = 76.82LEP (V)+ 2.049x 10°  (8)

Transferability between CEP and o,,. Hammetto param-

Perrin et al.
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Figure 3. Correlation between CEP (c) and om.” N, has been
excluded from the regression and is shown as an open symbol.

of the possible differences between the probes and methods. In
the Ni(0) system, believed to be effective in back-bonding to a
suitable L, az-acceptor L is expected to lower the electron

eters have been shown to correlate with metal-centered elec-density on Ni and raise th{CO) and therefore also the TEP

trochemical potentials in complexes of a variety of ligaffs.
We have therefore looked for relationships between Hammett
parameters and our CEPs. From a practical point of view,
correlations withoy, or op are preferred since there is a large
database for eachwWe have chosen to use, values because
these give the best correlatioR £ 0.967 foroy, vsR= 0.844

for op).

In Table 4, we report the 21 cases for which experimental
om Values are available among our 68 ligands (Table 5). Figure
3 shows the linear correlation between experimentaland
CEP; when the value for Nis excluded from the regression,
an excellent correlation coefficient is foung € 0.967). The
value for N is believed to be an outlier because the partial
multiple C—N bond in the diazobenzoic acid used is very
different from the essentially single bonds that occur for the
other cases.

We thus obtain a linear relationship betwegn and CEP
(eq 9). This relation enables us to express any experimental
parameter (LEP, TEP, @r,) as a function of any other through
the intermediacy of the computed CEP (egs 10 and 11).

o, = (10.08x 10 °)CEP (cm’) — 20.934  (9)
o, = (10.53x 10 3TEP (cm™) — 20.977  (10)
0,,= 0.819LEP (V)+ 0.602 (11)

It is possible to use the Hammett constaptto derive LEP
values for a large variety of ligands not covered by electro-
chemical measuremer&Further, electrochemically generated
LEP values can be used to obtain values for new substituents.

Table 5 reports the results for all the ligands considered. The

directly. In the LEP method, Ru(ll) is expected to be a much
more effective back-bonding metal than Ru(lll). As a result, a
m-acceptor L is expected to stabilize Ru(ll) relative to Ru(lll)
and hence affect they and the resulting LEP. The observed
transferability between the TEP and LEP suggestsitedfects

are comparable in importance in these two commonly used
probes.

The good correlationR = 0.967) betweemw, and CEP is
surprising because no metal at all is involved in thg
determination. Instead, the acidity of benzoic acid is affected
by the presence of a substituent. Because of practical limitations
on the type of benzoic acids that are known, the substituents
are all anionic except for ) which was an outlier excluded
from the correlation. Usingrm,, we avoid organic resonance
contributions in the benzoic acid as occur &gt

In discussing trends in the CEP data, we are unable to
guantitatively determine the relative contributionscoéind
effects to the overall M L bonding, so we restrict our
discussion to the relative ordering. In qualitative discussions of
the positions of individual ligands, however, we refer to
traditionalo andx effects. Likewise, there is no reliable baseline
that allows us to say where a ligand having no net donor power
would come, since free Ni(C@js trigonal planar and therefore
not strictly comparable with the pyramidal Ni(Cffagment
in the tetrahedral LNi(CQ) Nevertheless, the value ford, a
relatively weakly bound ligand, 2174.4 ci gives an accept-
able approximation of the baseline case.

Trends in CEPs.The data of Table 5 are shown in order of
decreasing CEP value so that the weakest net donors appear
early and the strongest net donors appear late in the list. The
clearest trend involves ligand charge, which directly translates
to net ionic charge of the [LNi(C@Q) complex. For example,

values in bold are the experimental data used to establish thenO™ gives [(ON)Ni(CO}]*, CO gives [Ni(CO)], and CN-

correlation with calculated CEPs (egs 2, 7, and 9). The other
parameters (TEP, LEP, ar,) have been calculated using the

gives [(NC)Ni(CO}]~. The net donor power of the ligands
increases as cationic € neutral L < anionic L. This trend is

appropriate equation. For cases where the data have beeryo strong that even the weakest and strongest net donor neutrals
discarded from the regression analysis, both values are givendo not overlap with either the cationic or anionic ligands. Such

Discussion

A general correlation between TEP and LEP is not too
surprising in that both Ni(0) and Ru(ll) are-back-bonding

a result is reasonable and consistent with LEP data, but other
than for sandwich ligand¥,this point has not been emphasized
in the past.

The neutral ligands, denoted as L, constitute the only series

metals, but the quality of the correlation is unexpected becausewhere we have extensive experimental TEP data for comparison.

(26) Masui, H.; Lever, A. B. Pinorg. Chem1993 32, 2199 and references
therein.

(27) Lu, S. X.; Strelets, V. V.; Ryan, M. F.; Pietro, W. J.; Lever, A. B. P.
Inorg. Chem.1996 35, 1013.
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It is therefore here that we see how closely the CEP valuesbackbone &C bond is am-acceptor. Pombeiro et al. have
track the experimental TEP data (Table 1 and Figure 13sQF discussed electrochemical data in relation to properties of

are among the weakest donor ligands, in line with the proposal
that QRs are effectiver-acceptors via the ©X ¢* orbitals 2
Alternatively, the F substitution may simply decrease the
o-donor power of the donor atom. The trend as Q changes (Bi
< As < Sb < P < N) is somewhat irregular; however, as the
electronegativity of Q increases (Bi Sb> As > P > N), we
expect to see the QX o* orbital become less polarized toward
Q, and the N-Q 7 overlap, together with the-back-bonding,
would be expected to decrease. Variation in the Qidistances
could also affect the outcome. The same idea applied to X,
decreasing the electronegativity of X leads to decreasing
polarization (or simply that a more electronegative X decreases
the donor power of Q) , explains the CEP order PFPCL.

CO is also a very weak net donor. It is in the CO case that
we see the largest effect of suppressing (CEP*) or including
(CEP) the vibrational coupling: the shift is a very large 17.4
cm?, showing one advantage of the computational approach
for this ligand. While the TEP and CEP both make CO the least

carbene ligand&

\OMe  MeN_NMe; [\
Y Y /NYN\
3(G1) 4 (G2) 5 (G3)

[\ - -
6 (G4) 7 (G5) 8 (G6)

h
<00)3N"r—</N]
/

9

donor neutral ligand, the CEP* gives an assessment more in Among the anionic ligands, we find electronegatielonors,

line with chemical experience, putting it just above Fi€ldonor
power.

A surprise is the very weak net donation of, ffresumably
due to a combination of relatively weakdonation with a
significant degree afr-back-donation. A related ligand,,Nhas
an even lower CEP. Since neither ligand is a strorgdpnor,
this ordering presumably arises because ibl a weaker
m-acceptor than B That back-donation is important for both

such as halides and pseudohalides, high in the list. Isocyanide
(M—NC) comes first, perhaps because it is a poareionor

than cyanide (M-CN); in the same range come the weak
m-donor halides. These are followed by the strongetonors

RS and RO (R = H, Me). Finally, we have the strongly
donating, less electronegative anions, such as Ph, H, and Me
as well as the boryls.

Structural Trends. In principle, the NC and C-O

cases can be seen by Comparison with the CEP for the Weakdistances should also be gOOd indicators of the electronic

donor HO, 2174.4 cm?, where the ligand is generally
considered as a predominanttydonor with only very weakr
effects.

Again as expected, in each @Reries (Q= P, As, Sb, or
Bi), the ligand becomes less of an acceptor as we go from R
F to H to Me. The effect of going from P to As, Sb, and Bi is
rather small with a trend toward slightly more acceptor ligands
as we descend the periodic table. In the series POMe},

character of L. Experimentally, however, crystal structures are
not sufficiently broadly available for the LNi(C@%¥eries, nor
does the X-ray method locate the O and C atoms sufficiently
accurately for reliable conclusions to be drawn. The present
computation work predicts the structures of the series, so we
looked at the averaged NC and C-O distances as an indicator.
The changes proved to be small and did not give a useful
electronic parameter, the vibrational frequency being a far more
sensitive indicator in the computational work, just as is the case

P(NMey)s, and PMeg, we see the expected trend toward iy the experimental data.
increasing donor strength, except that the last two members of

the series are very similar in CEP, no doubt becausgenation
from the N lone pair into the PN’ ¢* orbital competes with
back-donation from the metal.

A particularly interesting class of ligands is the carbenes
denoted G%6 and illustrated a8—8. They all tend to be strong
donors, as expected from the predominant canonical resonanc
form, 9, that puts a negative charge on the Ni(@®agment;
as we have seen above, this charge has a strong effect on th
CEP. The methoxy carbene, G1, is comparable to P{CH,)3
in donor power, but the other carbenes, &2 have CEPs that
put them at the extreme donor end of the formally neutral

ligands. Since these ligands are one of the few ligand series

other than PRto have proved to be exceptionally useful in

catalysis, the fact that they have electronic parameters outside”

the range found for PRmay make them ligands of choice where

€

Conclusions

The calculated Av(CO) frequency for LNi(CO) yields a
useful scale for defining the electronic parameters of a wide
variety of cationic, neutral, and anionic ligands. These param-
eters (CEP) correlate very well with the Tolman and Lever
glectronic parameters. For certain anionic ligands, they also
Correlate very well with Hammett's,,. Thus, the CEP appears
to be an efficient and reliable way to obtain electronic

parameters for any ligand without experimental limitations.
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strong donors are required. As the number of the heteroatomIC0105258
substituents in the aliphatic carbenes rises and their electrone-

gativity falls, the CEP tends to fall as the ligands become better
donors, giving G1> G2 > G4. The aromatic G3 is a weaker

donor than its aliphatic analogue, G4, presumably because the

(28) zZhang, L.; Gamasa, M. P.; Gimeno, J.; Carbajo, R. J.; Lopez-Ortiz,
F.; da Silva, M. F. C. G.; Pombeiro, A. J. Eur. J. Inorg. Chem.
200Q 2, 341 and references therein.





