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In this paper we show how graphical analysis of ligand effect data for families of ligands
should be combined with regression analysis in order to gain a more self-consistent
interpretation of regression results. If a steric threshold shows up in the graphical analysis
of the data for the trialkyl ligands (AR3), then the threshold must show up in regression
analysis of the full set of data. Similarly, the dependence of the data for the isosteric ligands
A(p-XCsHa4)s must have the same dependence on the electronic parameter y that we find for
the regression analysis for the full set of data. Finally, graphical analysis for both AR; and
A(p-XCgHy); families shows vividly whether steric effects and/or aryl effects belong in the
full analysis. Thus, for results of any regression analysis to be acceptable, they must be
consistent with the results of graphical analysis.

Introduction

Quantification of ligand effect data is necessary for
rationally predicting reactivity, stereoselectivity, and
regioselectivity of stoichiometric and catalytic reactions.
Furthermore, quantification serves as a probe of reac-
tion mechanism, gives us insight into the nature of
metal—ligand bonding, provides a target for theorists,
and leads to improved pedagogy by obviating the need
for vague and qualitative stereoelectronic arguments to
explain trends in reactivity and structure. For the past
10 years our group!~3 together with the Poé group* have
been exploring how to analyze ligand effect data. As a
result of this work, we have developed a method, which
we call the quantitative analysis of ligand effects or
QALE.

We have found that a number of physiochemical
properties are related via eq 1 to the stereoelectronic
properties of ligands of the type AR3, ARPhs_y, and A-
(p-XCg¢Hy)3.5 Equation 1 is a general form of the QALE
equation for systems that might contain up to one
observable steric threshold.

property = a(y) + b6 + b'(8 — 6,)A + c(E,,) +d (1)

In eq 1, 8 is an electronic parameter;”° the response
of the property to y is assumed to be linear over the
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entire range of ligands. The steric parameters are 6 and
(@ - Os)A, where 6 is Tolman’s cone angle!® and 0 is
the steric threshold. The response of the property to
the steric parameter (6 — )4 is not linear: 4, which is
a switching function, is zero for 6 less than 0, 4 is unity
for 6 greater than 0. Ea! is the aryl effect parameter,
which depends on the number of pendent aryl groups
of ARPhs_x and A(p-XCe¢H4)s . Equation 1 allows for
non zero steric effects below the steric threshold (the
b(0) term) with a different steric effect above the steric
threshold (the b'(6 - 6st)A term). If there is no observ-
able steric threshold then the “b” term is set to zero.

Via eq 1, we have analyzed successfully a large body
of Kinetic and stereoselectivity data; thermodynamic
data (pKj, values, E° values, heats of reaction, equilib-
rium constants), bond lengths, and NMR, IR, UV/vis,
photoelectron, and Mossbauer spectroscopic data.> In
addition, we have found that the phosphorus(lll) ste-
reoelectronic parameters (y, 6, Ea4r) are transferable to
other systems including silyl groups,® arsines,® alkyl
groups,® nitriles,! and even thioethers!? where the third
pendent group has been replaced by a nonbonding pair
of electrons.13

In the QALE eq (1) there are up to six quantities that
have to be assigned nonzero values (a, b, b, c, d, and
0st). With such a large number of variables the question
arises as to whether one can get meaningful results from
linear regression using this equation alone.’* By using
graphical methods and examining families of ligands
we will show that we can get independent information
that can be used to verify the results of a regression
analysis. First, we consider the graphical analysis of
data for separate families of ligands within a larger
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experimental set and show the kinds of information that
can be obtained from these restricted sets of data. We
then go on to do a complete graphical and regression
analysis of a set of data that includes the families of
ligands, AR3, AR,Phs_x and A(p-XCesHy)s.

The Search for a Steric Threshold. Analysis of
the Data for Trialkyl Ligands, AR3

An important feature of QALE is the provision for a
steric threshold.1>~17 In the following discussion we
consider only the cases where the property of interest
involves the difference in energy (log k and —AHy)
between two states. The observation of steric thresholds
then depends on a number of factors.1”

(A) No steric thresholds will be observed if, (a) for each
state, steric effects are either linearly operative or absent
or, (b) for each state, equivalent steric effects (steric
thresholds and sensitivities® ) are present.

(B) One steric threshold will be observed if (a) a steric
threshold is present in one state and steric effects are
either absent or linearly operative in the other state or
(b) there are equivalent steric thresholds but different
steric sensitivities in each state.

(C) Two steric thresholds will be observed if both states
have different steric thresholds.

(D) Between zero and four steric thresholds might
appear in a set of data for a system where two competi-
tive reactions (e.g., stereoselectivity) are involved.

The analysis of data for the trialkyl ligands, ARs,
allows us to determine the number and position of steric
thresholds. For these trialkyl derivatives E;, is zero and
6 and y are linearly correlated (Figure 1).

If a plot of a property versus either 6 or y shows a
break, then because of this linear correlation, we can
ascribe this break to a change in steric effects only. The
reader should recall that the QALE model requires that
the response of the property to electronic effects must
be continuous and linear. It is advantageous to make
the plot of data in terms of 6 because the position of the
break is the steric threshold. We illustrate this manner
of detection of a steric threshold for Poé’s kinetic data
for the first order dissociation of CO from LRu(CO)4 (eq
2),1920 and for the kinetic data of the second order
associative reaction between H—SiR3 and Br; (eq 3).2t

LRu(CO), ~ LRu(CO), + CO )

R,Si—H + Br, ~ HBr + R,Si—Br 3)

(14) Conventional wisdom states that the more parameters the
greater the value of r2. We have observed that this is only true when
a given set of parameters gives an incomplete description of the
property and the addition of extra parameters completes the descrip-
tion. If these extra parameters are extraneous and there is a suf-
ficiently large set of data, then the inclusion of these extraneous
parameters in the regression analysis has little effect on the r2 value
and the coefficients of the extraneous parameters have unacceptably
large standard errors.
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Figure 1. Plot of y versus 6 for commonly encountered
trialkyl ligands of the type AR; and AR;R'. In order of
increasing size, the ligands are AMesz;, AMeEt, AMeEt,,
AEt;, APr3, AMe,Cy, ABuU3, AMe,(t-Bu), A(i-Bu)s, A(i-Pr)s,
ACys, and A(t-Bu)s. The point of intersection of the dotted
lines shows that a hypothetical triaryl ligand [A(p-XPh)s]
with 6 of 145° would lie on this line if its y value were 4.8.
Thus, in the absence of an aryl effect, this hypothetical
ligand would behave like a trialkyl ligand. See Figures 4
and 5.
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Figure 2. (A) Plot of y versus 6 for the PR3 ligands used
in reaction 2. (B) Plot of log k for PR3 versus 6 showing a

steric threshold near 160°, after which the rate of the
dissociative reaction increases.

In Figure 2A, we show the high correlation of y with
0 for the PR3 ligands used in reaction 2. Thus, in the
absence of a steric threshold, we would expect the plot
of log k versus 6 to be linear. The actual plot (Figure
2B) shows a steric threshold around 160°.

A similar analysis of reaction 3 again shows a linear
relationship between y and 6, this time for SiR; (Figure
3A). A plot of the data versus 6 shows a break in the
curve about 135°, indicating a steric threshold at this
point.

Because of the linear relationship between 6 and y
for AR3, it is not possible to separate the contributions
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Figure 3. (A) Plot of x versus 6 for the SiR3 groups used
in reaction 3. (B) Plot of log k for SiR3 versus 6. The plot
shows a steric threshold around 135° after which the rate
of the associative reaction decreases.

of the two parameters based on the data for ARj;
alone. In general, a linear regression analysis restricted
to ARz will produce large standard errors for the co-
efficients of the QALE equation despite the large r2
which might be obtained. However, there is a special
condition (e.g., entering ligand dependent reactions)
where (a) a steric threshold exists and (b) steric effects
are not operative for ligands below the steric threshold
(making coefficient “b” in eq 1 vanish). Thus, we are
left with the parameter (6 — 0s)A, which is not linearly
related to y, and we can obtain meaningful coefficients
for the QALE equation. In general, it is usually
necessary to employ additional families of ligands so
as to reduce the correlation between parameters in
order to obtain meaningful values of the coefficients of
eql?

Analyses virtually identical to that for ARz can be
performed for either the APhR, or APh;R families of
ligands, since within each family E;, is a constant and
x and @ are linearly correlated. These analyses must
show the same steric threshold as observed in the
analysis of ARz as well as in the regression analysis of
the full set of data.

For reactions involving spectator ligands there can
be up to two steric thresholds and three regions of
different steric effects.’” In principle, the steric thresh-
olds can be detected by the analysis of the data for AR3
as described above. In practice, we have found no clear
cut example of a system with two steric thresholds
where only ARj are involved.?2 Thus, we restrict our
attention to the analysis of systems with one or no steric
threshold.

(22) Rahman, M. M.; Liu, H.-L.; Prock, A.; Giering, W. P. Organo-
metallics 1987, 6, 650.
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Estimation of the Coefficient of . Analysis of
the Data for A(p-XCsHa)s

In the past, in order to overcome the high correlation
between y and 6 for PR3, the data for the mixed alkyl/
phenyl phosphines were included along with the data
for PR3 (r2 = 0.429 for the correlation between y and
0). However, when we include the second electronic
parameter, E,, we find an excellent correlation of y
with 6 and E,, (r2 =0.990). Hence, when Eg is included,
it is not generally possible to separate the individual
contributions of the three parameters when the anal-
ysis is restricted to this group of ligands.! Only when
the data for a set of isosteric ligands (i.e. A(p-XCgHa)3)
are included, can the correlation between para
meters be sufficiently reduced to allow a full QALE
analysis.

In the QALE model, both E, and 6 are constant for
A(p-XCgHa4)s. Thus, a plot of the data versus y for A(p-
XCeHa)s, affords an estimate of the coefficient of y in
the QALE equation! for the full set of data. This
estimate must be statistically indistinguishable from the
value obtained for the coefficient of y via regression
analysis of the total set. Indeed, this is what we observe
in the analyses of all suitable sets of data. The
equivalence of the y coefficients then serves as a check
on the full analysis.

Estimation of the Importance of the Aryl Effect
and Steric Effects.

Insight into the importance of aryl and steric effects
can be obtained through plots of the data for ARj3
together with the data for A(p-XCgH4)s versus the
electronic parameter, y. First, for illustrative purposes
we consider the graphical analyses of hypothetical
kinetic data in which there is no aryl effect or steric
threshold, Figure 4. An important consequence of the
linear correlation between y and 6 for AR3 is that when
there is no aryl effect, the line for the isosteric A(p-
XCsHy)s ligands with 6 = 145° will cross the line for
AR; at y = 4.8, corresponding to 6 = 145°. Since the
line for the isosteric ligands, A(p-XCgHa)3 has a negative
slope, we see that log k increases with increasing
electron donor capacity of the ligands, i.e., decreasing
X
With this information in hand we are now ready to
see how the relative slopes of the ARz and A(p-XCsHa)3
lines give us information about steric effects. If there
is no steric effect or aryl effect then the data for
ARz and A(p-XCgHag)s will fall along coincident (and
thus parallel) lines (Figure 4A—this figure serves as a
point of comparison for the rest of this discussion). If
the reaction is sterically accelerated, then since y
and 6 are inversely related, we get a larger negative
slope of the line for AR3; (Figure 4B). If the reaction
is slightly inhibited sterically such that electronic
effects still predominate, the slope of the line for ARz is
still negative but smaller than that for A(p-XCsH,)s
(Figure 4C). If steric inhibition just balances the
electronic effect, the resulting line for ARj3 is horizontal
(Figure 4D). Finally, if steric inhibition is the dominant
effect then the line for AR3 has a positive slope (Figure
4E).

If there is an aryl effect, then the lines for the AR3
and A(p-XCgH4)s data intersect at a point other than y
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Figure 4. Plots of hypothetical kinetic data (log k) versus y for a system with neither an aryl effect nor a steric threshold.
See the text for a description of each plot. Data for AR3; and A(p-XCgHy,)3 are shown by open circles and filled squares,

respectively.

= 4.8. The magnitude of this deviation is a measure of
the aryl effect.

In Figure 5, we show the analyses of some literature
data. We start with an analysis of Bodner's ¢ values
(relative 13C chemical shifts for the carbonyl ligands of
LNi(CO)3)? (Figure 5A). When we plot the data for PR3
and P(p-XCgHa)s3 versus y, we see that the data lie along
a single line. This indicates that neither steric effects
(same slope) nor the aryl effect (no separation of the
curves) are operative in this set of data. In the second
example (Figure 5B), we plot the first vertical ionization
potentials?4~31 of PR3 and P(p-XCgH4)s versus y. Here,

(23) Bodner, G. M.; May, M. P.; McKinney Inorg. Chem. 1980, 19,
1951

(24) Schafer, W.; Schweig, A. Angew. Chem. Int. Ed. Engl. 1972,
11, 836

(25) Lappert, M. F.; Pedley, J. B.; Wilkins, B. T.; Stelzer, O.; Unger,
E. J. Chem. Soc., Dalton Trans. 1975, 1207.

(26) Debies, T. P.; Rablais, J. W. Inorg. Chem. 1974, 13, 308.

(27) Weiner, M. A,; Lattman, M.; Grim, S. O. J. Org. Chem. 1975,
40, 1292.

(28) Bock. H. Pure Appl. Chem. 1975, 44, 343.

(29) Ikuta S.; Kebarle, P.; Bancroft, G. M.; Chan, T.; Puddephatt,
R. J. J. Am. Chem. Soc. 1982, 104, 3699.

we see two separate but parallel curves for PR3 and P(p-
XCsHy)s, which shows that there is a significant aryl
effect but again no steric effect.

Our third example is the graphical analysis (Figure
5C) of the kinetic data for the second-order reaction (4)
as reported by Herrick.32 The negative slope of the line
for P(p-XCsHy,)3 indicates that the reaction is accelerated
as the phosphines become better electron donors (smaller

%)-

n-CpFe(CO)(%-Bz) + L L n7-CpFe(CO)(L)(Bz) (4)

Since the slopes of the curves for the PR3 and P(p-
XCgHgy)3 differ in sign, we see that there is a large and
dominant steric effect for PRs. Finally, since the two

(30) Stelzer, O.; Unger, E. Chem. Ber. 1975, 108, 1246.

(31) Puddephatt, R. J.; Dignard-Bailey, L.; Bancroft, G. M. Inorg.
Chim. Acta 1985, 96, L91.

(32) Herrick, R. S.; Duff Jr., R. R.; Frederick, A. B. J. Coord. Chem.
1994, 32, 103. The datum for P(p-FCsHa)s, which lies well off the line
determined by the other P(p-FCsH,); ligands, is treated as an outlier
and is not included in this analysis.
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Figure 5. (A) Plot of Bodner's ¢ values for PR3 and for
P(p-XCgHy)3 versus x. (B) Plot of the first vertical ionization
potentials (IP) versus y. (C) Plot of log k versus y for
reaction 4. Data for PR3 and P(p-XCgH,)s are shown by
filled squares and open circles, respectively. The dashed
line shows the expected behavior of P(p-XCgH,); in the
absence of an aryl effect.

curves cross at approximately y = 8 there must be a
significant aryl effect. This aryl effect enhances the
reactivity of P(p-XCgH4)3 as compared to PRs. All these
observations are consonant with an entering ligand
dependent reaction.

Ilustrative Full Analysis of a Set of Ligand
Effect Data.

Heats of reaction 5 as reported by Nolan33 provide a
particularly useful set of data for illustrating a complete
QALE analysis. This is a system where steric effects
are manifest in only one state (the product). Hence, if
there is a steric threshold, then in the region below the

(33) Li, C.; Stevens, E. D.; Nolan, S. P. Organometallics, 1995, 14,
3791. We have analyzed these data using Brown'’s Er values as the
steric parameter along with y and E, according to eq 1 with coefficient
b set to zero. With or without a steric threshold, the analysis is not as
good as that obtained with 6 as the steric parameter.
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(BDA)Fe(CO); + 2L — L,Fe(CO); + BDA + AH (5)
BDA = benzylideneacetone

steric threshold there can be no steric effect (i.e., the
coefficient “b” in eq 1 is zero). Notice that the data set
is a thermodynamic one and not a kinetic one and is
therefore independent of mechanism—the observation of
a steric threshold must be attributed to nonlinear steric
effects and not a change in mechanism.

A plot of y versus 6 for the trialkyl phosphines, PR3,
shows a high correlation (Figure 6A). A plot of the
—AH,y versus 0 shows a steric threshold near 135°
(Figure 6B). We complete the graphical part of the
analysis by plotting together the data for PR3 and P(p-
XCgHy)s versus y (Figure 6C). From the plot for P(p-
XCgHa)3 we get an estimate (eq 6) of the coefficient of y

for P(p—XCgH,); —AH, = —0.71(y) + 36.8 (6)

(—0.71), which must be, and is, statistically indistin-
guishable from the coefficient of y (—0.73 + 0.10)
obtained by regression analysis of the full set of data.
This negative coefficient indicates that —AH,y increases
as the phosphines become better electron donors (smaller
x)- The curve for PR3 in Figure 6C shows the break
attributable to the steric threshold. Since there are no
steric effects for the small PR3 (6 < 135°), the points
for these small ligands lie along a line that appears to
be parallel to that for P(p-XPh)s, as they should be in
the QALE model. The curve for the P(p-XCgH4)3 data
(6 = 145°, which lies beyond the steric threshold at 135°)
intersects the curve for the large PR3 (6 > 135°) at
approximately y = 4.0. This indicates a small but
significant aryl effect that diminishes —AH. (If there
were no aryl effect then the intersection would occur at
x = 4.8.)

The regression analysis (eq 7) of the full set of data
is in agreement with the graphical analysis. The
standard errors associated with each coefficient are
shown below the coefficient.3*

—AH = —0.73(y) — 0.461(6 — 135)1 — 1.68E,, +

+0.10 +0.026 +0.34
46.3 (7)
+0.8
r’=0964 n=16

Generation of Steric and Electronic Profiles

We find it useful to display the results of a QALE
analysis as steric and electronic profiles, which show
the response of the data to changes in only one variable.
We generate these profiles by subtracting terms of the
regression equation, excluding the one variable of inter-
est, from the experimental data as shown below in eqgs

(34) We determine the value of a particular steric threshold, 0,
through linear regression analysis as the value which minimizes the
standard deviation (maximizes r?). Thus, we are applying linear
regression to a nonlinear problem. However, we show in ref 1 via a
simulation method that for the large enough values of r2 that we
normally encounter, the error in 6 is small. Moreover, the 95%
confidence limits determined by the simulation agree quite well with
those obtained by the simpler treatment where we maximize r2. The
coefficients and their 95% confidence limits are a = —0.73 £+ 0.22, b’
=-0.461 + 0.057,c = —1.69 + 0.75, and d = 46.3 + 1.8.
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Figure 6. Graphical analysis of —AH, for reaction 5. (A) Plot of y versus 6 for the trialkyl phosphines (PR3) used in
reaction 5. (B) Plot of —AH,, versus 6 for PRs. (C) Plot of —AH,, for PR3 and P(p-XCsH,)s versus y. The dashed line shows
the expected position of the line for P(p-XCgH,); if there were no aryl effect. (D) y profile. (E) Steric (0) profile. (F) Eq

profile. Data for PR3 and P(p-XCg¢Hy)s in parts A—C are shown by filled squares and open circles, respectively.

8—10.

property(6) = property(exp) — ay — cE,, —d (8)

property(y) =
property(exp) — b(6 — 6,)4 — cE,, — d (9)

property(E,,) =
property(exp) — ay — b(6,)A — d (10)

We display these profiles for reaction 5 in Figure 5D—
F. We find it convenient to use the same vertical scales
for the three profiles. This allows for easy visual
comparison of the importance of each of the three
parameters. Because of the way these profiles are
constructed, each displays the total error in the analysis.

We see that the results of the graphical analysis and
the regression analysis are in harmony. They both show
a steric threshold at 135°, they both show the same
coefficient for y, and they both show that the aryl effect
diminishes —AH.

Rogue Points

When doing an analysis, we must be on guard for an
apparent steric threshold owing to the presence of a
rogue point—one that does not correlate with the rest
of the data. This rogue point might be attributed to
experimental problems or it might reflect a phenomenon
that is not accounted for by the model on which the
analysis is based. The question arises as to how we can
identify such a point and justify its exclusion from the
analysis. We illustrate one graphical solution to this
problem by considering the analysis of the data for the
displacement of iodide by phosphine from iodoethane
(eq 11).%5

Etl+L<Et-L"+1" (11)

A plot of y versus 6 (Figure 7A) for the PR3 used in
this study shows a linear relationship, which means all

(35) Henderson, W. A.; Buckler, S. A. J. Am. Chem. Soc. 1960, 82,
5794.
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Figure 7. (A) Plot of y versus 6 for PR3 used in the study
of reaction 11. (B) Plot of log k versus 6 for PR3 used in
reaction 11.

the PR3 data can be used to locate the steric threshold.
Since the first interaction between the nucleophile and
the substrate occurs in the transition state of this
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entering ligand dependent reaction, there can only be one
kinetic steric threshold and the rate must diminish
beyond the steric threshold. Thus, a plot of log k versus
6 can show no more than one break. A plot of experi-
mental log k versus 6 (Figure 7B) for PR3 shows two
points (PMez and PCys) lying off the line determined
by the remainder of the data. Either the point for PMes
or the point for PCys; must be an outlier. Figure 7B is
best viewed as having a steric threshold near 125°,
leaving the datum for PCyj; lying well off the resulting
curve, i.e., PCys is far too reactive for its size. Thus,
for some reason the PCy3 point does not fit the model.
Lacking additional data, we have no choice but to
exclude it from the QALE analysis.

Conclusion

In this paper we have called attention to the impor-
tance of coupling graphical with numerical analysis
when employing the QALE method. We have shown
that a sufficient number of each family of ARz and A(p-
XCsHg)s must be included in an experiment so that a
graphical analysis of the resulting data will be mean-
ingful. This graphical analysis tells us (a) if we need
additional data before we go on to the full regression
analysis and (b) if there is a steric threshold in the data
and (c) serves as a check on the consistency and
reasonableness of the results of the regression analysis.
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