Inorg. Chem. 2006, 45, 4982—4986

Chemistr

* Article

[norganic y

Molecular Electrostatic Potential Approach to Determining the Steric
Effect of Phosphine Ligands in Organometallic Chemistry '

Cherumuttathu H. Suresh*

Computational Modeling and Simulation Section, Regional Research Laboratory, Council of
Scientific and Industrial Research (CSIR), Zamdrum 695 019, India

Received November 12, 2005

A two-layer ONIOM(B3LYP/6-31G(d,p):UFF) quantum mechanics (QM)—molecular mechanics (MM) optimization of
PR; ligands, where the QM layer is always constructed as PHs, followed by molecular electrostatic potential (MESP)
analysis of the QM layer is suggested as a simple and effective method for evaluating the steric effect of PR3
ligands. The subtle variations in the electron distribution that arise as a result of the steric bulkiness as well as the
conformational changes in the substituent groups is well reflected in the value of the MESP minimum (Vi) located
in the QM region. In general, a sterically bulky group has always shown a more negative Vi than a sterically less
bulky group. The difference between the Vi, value of free PH3 and the Vi, value at the QM region of PR3 is used
as a measure of the steric effect of the PR3 ligand. This value, designated as MESPsrc, Showed a good linear
correlation with the cone angle values as well as the average of the intervalence HPH angles found in the QM
layer. Further, the difference between the Vi, value at the QM region of PR (an indicator of the steric effect) and
the Viin value of the completely optimized PR; ligand (an indicator of the combined effect of steric and electronic
effects) showed a good linear correlation with the Hammett 3 o, constants, which further confirmed the present

approach to understanding the steric effect separately from the electronic effect.

Introduction

Phosphine ligands are widely used for the fine-tuning of
the electronic and steric effects that control the reactivity
and catalytic property of an organometallic complekThis
feature enables them to find many applications in the field
of homogeneous catalysis!® It is therefore essential to
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quantify the electronic as well as the steric effect of a
phosphine ligand. Tolman in his famo@hemical Reiew
article! noted that electronic effects are mainly associated
with the electron transmission along chemical bonds while
the steric effects are often associated with nonbonded
interactions between parts of a molecule. However, in any
molecule, because of the intimate connection between these
two effects, it is nearly impossible to separate them in
totality.* For steric effects, the Tolman cone angl@) (
developed in 1970, based on the Cor@auling-Koltun
(CPK) model of ligane-metal complexes, is the most widely
used measurk'’ The cone angle is calculated from a CPK
model of the ligand with the phosphorus atom placed at 2.28
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Figure 2. Lone pair of a phosphine ligand and the corresponding
value observed at distanddrom the phosphorus atom. Compared to;PH
an electron-donating group will increase the negative vallégfand an
electron-withdrawing group will decrease it. Values are taken from ref 37.

Figure 1. Tolman method for measuring the cone angle.

A from the metal (Figure 1)* This method, though very  molecular electrostatic potential (MESP) minimum (desig-
simple and crude, was found to be very useful in interpreting nated here a¥min) observed at the lone-pair region of a
and quantifying the dependence of the ligand steric propertiesphosphine ligand is a good measure of the net electron-
on the chemical behavior of a systéfnz® Several attempts  gonating ability of a phosphine ligatdFigure 2). Giering

to improve the Tolman m00%f27 were also based on the et a|_38 have argued that a one_paramef%rn_based correla-
geometry parameters, either obtained from the crystal-tjon for the electron-donating ability may not be accurate
lographic structure or from a quantum mechanically calcu- for a variety of phosphine ligands. In a very recent review,
lated structure of the liganemetal complex. The most recent  K(jh[3° compared several approaches used for predicting the
work in this category is reported by Béeamd Zhang**° net electron-donating ability of phosphine ligands and
on the steric shielding and steric pressure in extremely bulky commented thaw,,, values of the MESP are useful for
aromatic phosphine ligands. The only exception to the cajculating the electron-donating ability of a broad range of
geometric models is the ligand repulsive energy parameterphosphine ligands. He also noted thatthg-based approach
(Er) of Brown and co-workers, which they calculated based for PR, ligands required the least effort in terms of required
on a molecular mechanics (MM) mod€f*In fact, a proper  software, hardware, and computer time. In this work, we will
interpretation of the Tolman cone angle data in terms of a jjystrate that if we can treat the steric effect of a substituent
quantum mechanically derived quantity (except the calculatedseparately from the electronic effect, the MESP-based

structure-based data) for the steric effect is lackingthe
literature.

approach can be extended to quantify the steric effect also.

Among the experimental measures of electronic parametersMe'[hOd

of phosphine ligands, the methods based on (i) IR frequencies

In the recent years, “integrated molecular orbital molecular

corresponding to the carbonyl and nitrosyl groups of transi- mechanics” (IMOMM) computational schemes have been

tion-metal complexes (Tolman approaéh(i) the rate of
ligand-exchange reactiod3iii) *C NMR chemical shift
parameterg? (iv) basicity of the phosphine ligand$,and
(v) the QALE approach of Giering et &t?are the prominent

used to understand the steric effects in chemi$trd. The
advantage of such methods is the use of a MM force field
to incorporate the steric effect of a part of a molecule while
treating the rest of the molecule in quantum mechanical ways.

ones. Several theoretical measures for the quantification ofThe ONIOM method of Morokuma and co-workéyé
the electronic effects of the phosphine ligands have also beenncorporated in thesaussian03ackagé® is a very useful
designed> 3" Recently, Suresh and Koga suggested that the [MOMM technique. In this work, we use a two-layer
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ONIOM method for optimization of the phosphine ligands
(Figure 3). The outer layer contains the substituent R groups,
which are treated with the MM method utilizing the universal
force field (UFF)* R groups in the outer layer are connected
to the inner layer via the link hydrogen atoms. Therefore,
the inner layer comprises a Rhgand, and it is treated with
a density functional theory method at the B3LYP/6-31G-
(d,p) level4849

The MESP of a molecule is a real physical property, and
that can be determined experimentally by X-ray diffraction
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Figure 3. Two-layer ONIOM scheme used in the present study. The link
hydrogen atoms shown via arrows define the inner layer ag(iRkide the
circle).

R
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techniques or calculated rigorously from its electron density,
p(r), distribution by employing the equation

o)

N Z,
O= R/ W

whereZy, is the charge on nucleus A, locatedrat.*51 The
MESP is used widely for understanding molecular reactivity,
intermolecular interactions, molecular recognition, electro-
philic reactions, and a variety of chemical phenom&n#.
Visualization of MESP is a good way to see the charge
distribution within a molecule. Local minima of the MESP

=

Suresh

x 100 at the B3LYP/6-31G(d,p) level using tBaussian03
program?®® For the visualization of the MESP, the freely
available MOLEKEL program is use& From just visual
inspection of the MESP data, the most negative-valued
MESP point ¥/min) in the lone-pair region can be obtained.
If a guess point nea¥mi, is used along with the Prog
(potential, opt) keyword irGaussian03the exact location
and the value oV, can be obtained from a rigorous
calculation. It may be noted that the numerical calculation
is adequate because tligi, value obtained from a fine grid
will be nearly identical with the value obtained from a
rigorous topography calculatidf.

Results and Discussion

In the ONIOM-level geometry optimization, because we
use the MM method for the outer layer, the arrangement of
hydrogen atoms in the inner layer, RHhvill be governed
by the steric effects exerted between the R groups. In other
words, as compared to the-HP—H angles in the free P4l
the H-P—H angles of PHin the inner layer of the ONIOM-

(Vimin) are often observed at the lone-pair region of a molecule |evel-optimized geometry will be different. Compared to a
because of the larger value of the electronic term in eq 1 assmall R group, a bulky R group is expected to widen the

compared to the nuclear term, and th&g, points repre-
sented centers of negative charge on the molééulethese
minima, VV will be zero and the Hessian matrix @r) will
have three positive eigenvalues.

Here we report the MESP results of a variety ofsPR
ligands in which the PR connections are all through-Z
or P—H bonds. For every ONIOM-optimized geometry of
PR; ligands, a cube file containing the MESP is generated
for the inner layer using a fine grid of dimension 1RQL00
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intervalence H-P—H angles. Electronically, this means that
the sp-hybridized lone-pair orbital on the phosphorus atom
will have increasingly more p character or more Lewis basic
character as the bulkiness of the R group increases. It is felt
that these subtle changes in the p character of the phosphorus
atom will be well reflected in the MESP around its lone-
pair region, and therefore a quantification of the steric effect
in terms of the MESP may be feasible.

For the ONIOM-optimized geometries of the Plgands,
the MESP results for the inner layer are presented in Table
1 along with the available cone angle data. In general, the
Vmin Value of a PRbecomes more negative when compared
to Vmin Of PH; @s the Tolman cone angle increases, which is
attributed to the more p character of its lone-pair electrons.
The important point is that thén, values spanning a range
of —28.22 kcal/mol for the smallest (BRHto —43.67 kcal/
mol for the largest ligand [P(2,4,6-GHsH>)3] suggest that
it is very sensitive to the steric influence of the substituents.
Also note that, according to the definition in eq 1, the MESP,
V(r), is the energy required to bring a unit test positive charge
from infinity to a pointr, which means that th¥n, value
is the maximum attractive interaction energy between a test
positive charge and the ligand system. As the steric size of
the substituent R increases, this attractive interaction energy
also increases. Therefore, compared tovhgvalue of PH,
the observed increase in the negative valu¥.gf of a PR
ligand can be attributed to the steric bulkiness of its
substituents. This means that the quantification of the steric
effect in terms of the quantum chemically derived quantity
of the MESP is possible. Using eq 2, we define this quantity
as MESFs)teriCa

MESP,

steric

= Vpin(PH) — Viin(ONIOM_PR)  (2)

whereVmin(PHs) is theVnin value of the PHligand andVis-
(ONIOM_PR)) is theVpmin value of the PHunit in the inner



Steric Effect of Phosphine Ligands

Table 1. MESP Results (in kcal/mol) of the BRigands, Cone Angles, andHPH Angles (in degrees) and Hammgit, Constant$

ligand Vmin MESPteric 6 Onvesp Vmin(real) Yop OHPH
PHz —28.22 0.00 87 87 —28.22 0.00 93.46
PHPh —28.63 —0.41 101 91 —31.09% —-0.01 93.69
PMe; -30.62 —2.40 118 108 —43.02 -0.51 96.07
PMePh —32.83 —4.61 122 128 —40.41 —0.35 98.01
PMeCF; —31.44 —3.22 124 115 —26.4@ 0.20 96.92
PHPh —30.78 —2.56 128 110 —32.88 —0.02 95.64
PEg —33.35 —5.13 132 132 —43.51 —0.45 98.98
PEbPh -33.01 —-4.79 136 129 —40.76 -0.31 98.31
PMePh -32.47 —4.25 136 125 —36.76 —-0.19 98.89
P(m-CsHaF)3 —33.82 —5.19 145 133 —=27.77 0.30 98.97
P(CR)s —33.68 —5.46 137 135 —5.99 1.62 99.15
PEtPh —35.12 —6.90 140 148 —37.23 -0.17 100.30
PPh —34.62 —6.40 145 144 —34.85 —0.03 99.37
PPh(i-Pr) —34.12 —5.90 150 139 —37.62 -0.17 99.31
P(-Pr) —37.34 —9.12 160 168 —44 .47 —0.45 103.19
PCy; —37.83 —9.61 170 172 —44.99 —0.45 103.53
PPh(t-Bu) —36.58 —8.36 157 161 —38.8¢ -0.22 101.99
PMe(CR)2 -32.27 —4.05 123 —12.2¢ 0.91 97.95
P(-Tol); —39.88 -11.66 194 190 102.99
P(0-i-PrGHa)s —40.65 —12.43 2150 197 103.72
P(0,m,p-(CHs)3CsH2)s —42.35 —14.13 212 212 107.16

aCone angles and the Hammett constant are taken mainly from refs 1 and 61, respettivglyeal) values calculated in the present study. The
remaining ones are taken from ref 37.
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Figure 4. Correlation between the MESRic and (a) the cone angle and (b) the average of the intervalendéeH angles JHPH).

layer of the ONIOM-level-optimized PRligand. A good layer), leading to an enhancement in the p character of the
linear correlation between the MEQR: and Tolman cone  phosphorus lone pair. This is indeed true because the values
angle values is obtained (Figure 4a), which supports the of OJHPH reported in Table 1 show, in general, a gradual
present approach to the steric effect (correlation coefficient increase when the bulkiness of the substituent R group is
= 0.976). increased. A good linear correlation between MESFand
For all of the systems, the average value of the intervalence[JHPH (correlation coefficient= 0.980) is also obtained
H—P—H angles (JHPH) observed for the quantum mechan- (Figure 4b), which not only gives additional support and
ics (QM) layer is also depicted in Table 1. Because H is validity to the present approach to the steric effect of the
used as the link atom in the two-layer ONIOM modeHPH phosphine ligands but also accounts for the origin of the
and the average of the intervalence angles in thglig&nd correlation between the MESP and the Tolman cone angle.
(mainly the average of the €P—C angles) represent the  Further, the linear correlation depicted in Figure 4b suggests
same quantities. It is already mentioned that the large that the quantitylHPH can also be used as a measure of
negativeVpi, value observed for a bulky BRRnay be due to  the ligand steric effect. However, like the Tolman cone angle
the increase in the intervalence4R—H angle (in the QM data, theOHPH data can only be considered as a purely
— — structural parameter. On the other hand, based on eq 1, the

%5 Gaq Cenier for Scenilic Computing: Manno, Switzerand. 2000, MESPuerccan be interpreted as purely an electronic quantity
(59) For the systems studied here, ¥, value obtained via numerical for the ligand steric effect.

calculation and rigorous calculation differed at the maximum by only For those who prefer to use the popular cone angle data

0.5 kcal/mol and, therefore, even without a sophisticated program, . .
Vimin can be obtained. rather than another quantity for the steric effect, we propose

Inorganic Chemistry, Vol. 45, No. 13, 2006 4985



Figure 5. Two different conformations A and B obtained fornFRr)
using two-layer QM-MM ONIOM optimization. The MESP isosurface is
plotted for the—18.83 kcal/mol value. The QM level consists of £hich

is shown as a ball-and-stick model.

a cone angl@yesp, derived based on the MESR. This is
done by first obtaining a linear equation given in eq 3 for
the MESRric (X variable) and the cone anglg yariable)
from the data of two ligands, viz., RHand P(2,4,6-
CH3CgHy)s;, which are the smallest and largest ligands
reported by Tolman, respectively, and then fitting the
remaining MESReic values to this equation. Th8yesp

Oyesp= —8.8464(MESE,,) + 87 3)
values are also presented in Table 1. In genérahdOyesp
show good agreement between each other.

We feel that the MESR.icis @ more reliable quantity than
the cone angle parameter for comparing the steric effect of
different ligands, particularly their different conformations
because the former quantity is very sensitive to the subtle
variations occurring in the electron distribution due to

Suresh

o\ ¢

Vmin(real) - V min (in kcal/mol)

*

Eo'p
Figure 6. Correlation between Hammefo, and Vmin(real) — Viin.

confirms the validity of the present approach to understanding
the steric effect separately from the electronic effect.
Conclusion

In conclusion, the theoretical study presented in this work
suggests that the MESR. value calculated from th¥miq
value of a two-layer QM-MM geometry of the PRIligand
is a good measure of the steric effect of that ligand. Although
the correlation coefficients of 0.976, 0.980, and 0.986
calculated for the linear plots given in Figures 4a,b and 6
are quite impressive, one may consider them as a “broad-
brush” approactito correlations because it is rather difficult
to explain the deviations of the points from the correlation
line [e.g., points corresponding tod?i-PrCsHy)s in Figure

changes in the steric bulkiness as well as changes in the4a PMe(CB), in Figure 4b, and RETOl); and PO-i-PrGsHa)s

conformations of the substituent groups. For instance, in the
case of a flexible ligand B{Pr), the conformer A given in

Figure 5 is the one observed in its free state and also in most

of its metal complexes. Th¥y, value of this conformer is
—33.61, which suggests a steric effect very close to that of
PEt. However, if this ligand exists as conformer B in any
complex, it would exert a much larger steric effect, and this
is indeed reflected in it¥min value of —39.28 kcal/mol.

In Table 1, we also depict theé.,, value corresponding
to the fully optimized PRligands at the B3LYP/631(d,p)
level, which is denoted agmin(real). It is to be noted that
Vmin(real) is an indicator of the combined effect of both the
electronic and steric effects, whiléi, obtained at the QM
layer of the ONIOM-optimized PRligand is an indicator
of its steric effect only. Therefore, the difference between
the Viin(real) andVimin values would reflect the variations in

in Figure 6]. The difficulty arises because of the less precise
nature of the Tolman cone angle data as well as the
approximations in the ONIOM approach. Even then, the three
good linear correlations obtained in this work are supportive
of the ONIOM-based QMMM approach utilizing the UFF
force field in the outer layer as a reasonable method for
separating the steric effect from the electronic effect of the
substituent R groups. The proposed method is very simple
and inexpensive in terms of computational cost, and hence
the steric effect of the bulky ligands as well as their various
conformations can be studied in real time for practical
purposes. It may be noted that MEGR s the first quantum
mechanically derived electronic quantity for the steric effect
of the PR ligands that interpreted the cone angle data. It is
hoped that the ONIOM-based technique adopted in this work
would be a valuable tool for the analysis of interesting

the electronic effect of various R substituents. The best siereelectronic features in chemical systems, particularly
parameter that quantifies the electronic effect of a substituentorganometallic complexes such as metathesis catalysts.
R is its Hammett, constant’ Because the electronic effects  Fyrther conformational studies and the expansion of the

of the substituents are mostly additive in natJre, is used ligands into other classes are underway.
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