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Abstract: Lanthanide shift reagents (LSR) can interact with substrates via a two-step mechanism: L 4 S& LS,
LS + S=LS;. This was shown by a detailed four-parameter analysis of the concentration dependence of the lan-
thanide-induced shifts (LIS) of the system 3-(p-chlorophenyl)-3,5,5-trimethylcyclohexanone-Eu(FOD); in CCl,
solution at 30°, Agreement between the equilibrium constants (222 = 15 and 63.4 =+ 4.3, for the first and second
steps, respectively) was excellent with a percentage standard deviation of the determination among the various
protons of 6. The theoretical curves for the LIS fit the data to better than 0.25 % standard deviation. The best
fits to a single-step mechanism, L + S == LS, were much poorer with deviations as large as 55 Hz between the
experimental points and theoretical curves, compared with only 4 Hz (out of more than 1500) for the two-step
mechanism. Also, the calculated equilibrium contant, K = 99 = 12, had a substantially larger per cent standard
deviation. It was shown theoretically that plots of 1/Aé vs. Spat constant L under the conditions S >> Lo as well as
plots of Ad vs. Ly/S, at constant S, (under the same relative concentration conditions) may be used to obtain reliable
values of the limiting LIS value for the LS; species. Thus these methods, previously used by others, are still
reliable. This was a useful finding since these methods are much easier to use than the four-parameter fit required
to completely fit the two-step mechanism to the experimental data. It is shown theoretically that plots using
these simpler methods have slopes of either 1/2A,L, (1/A8 plot) or 2A, (A8 vs. Lo/S, plots). Values of the limiting
LIS for tetrahydrofuran, both in the presence of Eu(FOD); and Eu(DPM);, were derived and found to be in good
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agreement with values obtained by other workers using different methods.

n important problem facing workers employing
lanthanide shift reagents (LSR) in studies of molec-
ular structure is the determination of the equilibria
taking place between the LSR and substrate molecules.
If we denote, for purposes of brevity, the substrate
molecule as S and the LSR molecule as L, the problem
then is as follows: to determine which of the com-
plexes L,S, are present (where j and k are integers
denoting the stoichiometry). Since these interactions
are well known to obey the fast-exchange limit, the
lanthanide-induced shifts (LIS) should conform to the
following equation

1 N
As = = 3 nCiA (1
0g=1
where S, is the total "concentration (moles/liter) of
substrate in solution, both free and complexed, n, is
the number of substrate molecules in a given complex,
C, is the concentration (moles/liter) of that complex,
A, is the incremental shift which would be observed
for total complex formation, and, finally, & is the num-
ber of different types of complexes present.

In using this equation, it is necessary to derive
at least 2N parameters: N limiting incremental
shifts and at least N equilibrium constants (K,). If
a complex can be formed in more than one way, the
number of equilibrium constants increases. Pre-
vious attempts®4 to fit LIS data in the fast-exchange
approximation have assumed that only a single 1:1
complex, LS, is formed. These attempts yielded re-

(1) For part II, see B. L. Shapiro, M. D, Johnston, Jr., and R, L. R.
Towns, J. Amer. Chem, Soc., 94, 4381 (1972).

(2) Postdoctoral Fellow of the Robert A, Welch Foundation.

(3) I. Armitage, G. Dunsmore, L. D, Hall, and A, G. Marshall,
Chem. Commun., 1281 (1971).

(4) D.R. Kelsey, J. Amer. Chem. Soc., 94, 1764 (1972).

sults in apparent agreement with this simple mecha-
nism. It is the purpose of this paper to show that this
simple mechanism is not correct at least in some im-
portant cases (and possibly generally) and to give re-
sults for an alternate mechanism which fits the exper-
imental data far better.

Experimental Section

All nmr spectra were run on a Varian HA-100 nuclear magnetic
resonance spectrometer in the frequency sweep mode at an ambient
probe temperature of 30°, Shifis were measured on carefully pre-
calibrated chart paper and are estimated to be accurate to £=0.01
ppm or better.

All reagents used, except for 3,5,5-trimethyl-3-(p-chlorophenyl)-
cyclohexanone (I), were obtained from standard commercial
sources. I was prepared by the cuprous-catalyzed conjugate addi-
tion of p-chlorophenylmagnesium bromide tc isophorone, analo-
gous to several previously reported syntheses,® and was fully charac-
terized by elemental analysis, properties, derivatives, and X-ray
structure determination.®

The LSR used in these studies was Eu(IIl) tris-1,1,1,2,2,3,3-
heptafluoro-7,7-dimethyl-4,6-octanedione, hereafter denoted as
Eu(FOD);. For each run, the LSR was sublimed and stored over
P4On in vacuo. The sclvent employed for all samples was molecular
sieve dried CCl,. The liquid substrates were distilled and stored
over molecular sieves. The solid substrate was sublimed and stored
in vacuo.

Tetramethylsilane (TMS) was used as an internal reference for all
measurements. It was first washed with concentrated sulfuric acid
(to remove nontrivial amounts of tetrahydrofuran which often occur
in commercially available TMS) and then with potassium bicarbo-
nate. After distillation, it was also stored over molecular sieves.

The runs were performed in the following manner. The concen-
tration of the substrate (So) was kept constant and only the LSR
concentration (Lg) varied. The initial sample was prepared in a
clean, oven-dried nmr tube by first putting in ~300 mg of Eu(FOD),

{5) B. L. Shapiro, M. J. Gattuso, and G. R. Sullivan, Tetrahedron
Letrt., 223 (1971).

(6) R. L. R. Towns and B. L. Shapiro, Crpst. Struct, Commun., 1, 151
(1972).
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and the appropriate amount of substrate, so that after the addition
of CCl,and TMS, S, was at the desired value. Since the correctness
of the substrate concentration is crucial, a solution approximately
0.5 M in substrate was added to the tube (its exact amount deter-
mined gravimetrically) rather than the pure substrate. The greater
weight of the former thus insured accuracy in the concentration of
the initial sample. Successive samples were then prepared by add-
ing aliquots of a substrate stock solution (usually 0.15 M in CCl,
with 397 TMS) of the same S, as in the initial sample. The con-
centrations were all determined gravimetrically to an estimated
accuracy of better than 0.1%;. As a check against the possibility of
a large A} of mixing between the sample in the nmr tube and the
substrate stock solution, the volume of the sample in the tube was
carefully monitored during the entire run by measuring the sample
height and comparing to the volume calculated from a precalibra-
tion of the tube.  Effects from this possible complication were in all
cases, discussed in this work, less than 197,

This “‘incremental dilution” technique has advantages over the
more conventional technique of adding solid LSR directly to a
sample. First, the weight of the stock solution added in a given
dilution is substantial (usually 0.1 g or more). Thus on a percent-
age basis, the weighings are much more accurate compared to
addition of the solid LSR; amounts in this latter type of run are
only a few milligrams at a time. Second, the possibilities of the
I.SR being contaminated by water from the atmosphere are greatly
minimized. Finally, the accuracy of the results at low p (= Lq/So)
is much greater. This is important since, as shall be shown later,
points obtained in this concentration region are the most applicable
to structural determinations.

Finally, all data were fit to the appropriate form of the fast-
exchange equation (vide infra) by the method of least squares. In
all cases the fits were done by a direct comparison of the LIS to p.
The computations were performed on an IBM 360-65 digital com-
puter; numbers were expressed exclusively in the double-precision
mode. The authors will be glad to provide listings of the programs
used to anybody who may desire them.

Data Analysis

Two different mechanisms will be considered for
LSR-substrate equilibria. The first mechanism, along
with its appropriate form of the fast-exchange equa-
tion, is given below

L+S LS (2a)
Ad = xAy/So (2b)

where 4, is the limiting LIS for the LS complex, x is
defined as the molar concentration of that complex
([LS]), and the other symbols are as defined previously.
The fit requires two parameters, A, and the equilibrium
constant K;. The equilibrium constant is given as

x

K, = 3

YT S - D) @

On rearrangement, x can be extracted from the solu-

tion of a quadratic equation and the result substituted
into eq 2b to give

{So_l + (1 + P)K1 - B
VISt + (1 + p)Ki]2 — 4Ki%p}A, @
2K,

where p, the molar equivalent ratio, is defined as Lo/So.
The equation, in other forms, is well known and has
been used in numerous studies of fast-exchange equilib-
ria in nmr.’

Iterative fits can be done on this equation to get
values of K, and A, giving the best agreement between
the observed LIS and the assumed mechanism.™
If we denote a given observed LIS as ¢; and its theoreti-

As = )

(7) (a) 1. D. Kuntz, Ir,, and M. D. Johnston, Ir., J. Amer. Chem.
Soc. 89, 6008 (1967); (b) M. D. Johnston, Ir., F. P. Gasparro, and I. D,
Kuntz, Jr., ibid., 91, 5715 (1969).

cally calculated value as §,, the i subscript here used to
denote individual points (concentrations), the ‘‘best”
values for the parameters can be obtained by minimiz-
ing the quantity

P
Q= Z(fi — &;)? (%)
i=1
where P is the number of data points. We shall briefly
outline an efficient procedure for deriving the best-fit
parameters. First, one selects a trial guess of K
and calculates a value «; for each data point, where

a; = xi/(SO)i (6)

This value can be obtained by solving for x; in eq 3.
The best A, corresponding to the trial equilibrium con-
stant can then be obtained analytically by minimizing
Q with respect to A,, viz.

g_AQl =0= 52—1'[151(61 — aiAi)2:| )
Taking the derivative and solving for A; then gives
A; = Seo/Saa (3
where we use a shorthand notation for summations
S = _Zplfiai (9)
1=P
Saa = Zai2

=1

This “summation shorthand” will be employed through-
out since some of the expressions to be derived later
are very complicated. Since the limiting shift can be
obtained analytically for a given trial guess of an equi-
librium constant, convergence of the least-squares
fit is quite rapid despite the fact that a quadratic func-
tion is being evaluated.™

The other mechanism to be studied in this paper is
a “two-step’’ mechanism. The mechanism, along with
its appropriate form of the fast-exchange equation, is

L+SZXLS
(10a)
LS + S T2 LS
As = Sl[xAl + 2yAj) (10b)
0
Here, A, is the limiting shift of the LS, complex and y is
defined as the molar concentration of the LS, complex,
for notational convenience. The equilibrium constants

for the first and second interaction steps, respectively,
are then given by

— x 11
Ll o T 7 A S

and

K, = — —

x(Sy — x — 2p)
Analytical solutions are obtainable for x and y by solv-
ing a cubic equation, using standard mathematical
methods® The solution procedure proceeds most

(8) M. Abramowitz and I. A. Stegun, Ed,, "Handpook of Matk}e-
matical Functions, National Bureau of Standards Applied Mathematics

Series, 55,” U. S. Government Printing Office, Washington, D. C..
1964, p 17.

(11b)
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easily by first solving for y in terms of x by the re-
arrangement of eq 11b to give

_ le(So —_ x)

B EITA 12

where k = K1/K,. The cubic equation is then obtained
by rearranging eq 11a and has the following form

x*+Px*+ Qx+ R=0 (13)
In this equation
2pS0
P =kl K —
< e 4) (14a)
0 = Svk2p = 1) = KISkp + D) + KiK' (4
k—4
and
k2pS,?
R=_—-""°
Kk — %) (14c)

Equation 13 has three roots; only one at a time, of
course, can be physically relevant. Before giving the
solutions, we shall make the following variable changes

g =500 — Py (15)
ro= é(PQ — 3R) — %Ps (15b)
b = (g° + r)” (15¢)
5= (r + by (15d)
and, finally
sp = (r — b)'/s (15¢)

There are then two physically relevant solutions, de-
pending on the relative magnitudes of K, and K,. First,
fork < 4

x=5+s5— %P (16a)

and for k > 4

x = —%(Sl + 5) — 1P — l—@(sl — 5) (16b)
3 2
At k = 4, there occurs a special case since P, Q, and
R all encounter singularities. However, an averaging
of the solutions for k = 3.999 and k = 4.001 gives a
value of x which is sufficiently accurate for most pur-
poses.

The least-squares procedure can now be performed.
The most economical way to perform the fits is to select
trial values of K; and k and solve (again analytically)
for A; and A, and keep iterating the equilibrium con-
stants until the variance is minimized. The best pair
of limiting shifts, corresponding to a given pair of
equilibrium constants, is evaluated as follows. First,
evaluate for each data point

a; = xi/(S“O)i

B: = 2y/(So)s

Then, minimize Q (here, the sum of the squares of the

a7
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deviations between the experimental and theoretical
calculated LIS) with respect to 4; and A,

20 _,_

= 3 (e — ey — BAY?
o4, 54, 2 (& = @i = Bil)

(18a)
and

20 > & \
—_— = = — g — . —_— 1
OAZ 0 aA2i=2 1(6Z aIAl ﬂiAQ) ( Sb)

Evaluating these derivatives and solving the resulting
simultaneous equations then give

_ SacSss — SpeSas

A
' SaaSes — Sas’

(19a)

and

A, = SBeSaa — SaeSa/S
i Saasﬁﬁ — Sa6’

where the summation shorthand is as done previously.
Iterative convergence using this procedure is fairly
rapid, especially since eq 19 allows the analytical deter-
mination of two of the parameters, the limiting shifts.

(19b)

Results and Discussion

Much progress has been made in applying LSR’s
to the study of molecular geometry in solution and
excellent techniques for this are now available.® How-
ever, structural determinations have nearly all been
derived from observed LIS, rather than from the
intrinsic parameters, the limiting incremental shifts.
These latter must be derived and applied to structural
analysis before any really rigorous test of the validity
of the pseudocontact equation or the structural rigidity
of a particular complex can be substantiated. Thus,
the desirability of acquiring reliable values of the limit-
ing incremental shifts is obvious. Also, the equilibrium
constants are of some importance since they give infor-
mation on the stability of a complex. However, for
most purposes, it is the A; which are, by far, of the
most immediate interest and utility.

In the work of Armitage, e al.,® and of Kelsey* it
was found that the L1S obey an equation of the follow-
ing form, under the conditions Sy >> L,

1 S |

A LAy LAK
Thus plots of 1/Aé vs. S, (at constant Lg) should
give a straight line of slope 1/(LcA;). This equation
was derived under the assumption of a 1:1 complex
formation and is very similar to the Scott!® modifica-
tion of the Benesi-Hildebrand!! equation.

The fits»4 12 so far obtained to eq 20 have yielded
excellent straight lines and this has been used as evi-.
dence for the simple one-step mechanism. However,
as demonstrated by Deranleau,!? the Scott equation is
seldom a rigorous test for 1:1 complex formation. In
order to ascertain what a particular interaction mecha-
nism may be, it is necessary to vary the concentrations

(20)

(9) (a) M. R. Willcott, III, R. E. Lenkinski, and R. E. Davis, J.
Amer, Chem. Soc., 94, 1742 (1972); (b) R. E. Davis and M. R. Willcott,
111, ibid., 94, 1744 (1972).

(10) R. L. Scott, ibid., 78, 787 (1956).

(11) H. A, Benesi and J. H. Hildebrand, ibid., 71, 2703 (1949).

(12) I. Armitage, G. Dunsmore, L. D. Hall, and A. G. Marshall,
Can.J. Chem., 50, 2119 (1972),

(13) D, A. Deranleau, J, Amer, Chem. Soc., 91, 4044, 4050 (1969).
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Figure 1. Observed chemical shifts of the substrates cyclopentan-
one (a) and tetrahydrofuran (b) vs. the molar equivalent ratio
(p = Lo/S,) of LSR to substrate at two fixed substrate concentra-
tions: 0.05 and 0.15 M.

of all interacting reagents over as wide a range as pos-
sible.'® The restriction S, > L, truncates the concen-
tration domain of the LSR so that only one step in a
multistep interaction mechanism would be expected
to predominate. Indeed, for the conditions in which
the Scott equation is applicable, almost any interaction
mechanism can give a straight line plot.*®!¢ This is
demonstrated both by Deranleau’s work and by results
shown later in this paper. In determining an interac-
tion mechanism, the best way to proceed is by a direct
analysis of the data in terms of the unmodified form
of the fast-exchange equation (eq 1). Modified forms
including approximations, such as eq 20, have the dis-
advantage that they give unduly heavy weighting to
the least accurate points.’s Equation 1, on the other
hand, weights all the data points equally.

Before proceeding further, it is best to look at the
results shown in Figure 1. Here are plotted the ob-
served LIS of tetrahydrofuran (THF) and cyclopenta-
none vs. the molar equivalent ratio, p, for Eu(FOD)s.
It is easily shown from the functional behavior of eq
4, the exact solution for 1:1 complex formation, that
if only 1:1 complex formation were occurring, then
plots such as those shown in Figure 1 would be strictly
monotonic. The striking nonmonotonicity exhibited
in Figure 1 is thus evidence that the simple one-step
mechanism does not hold, even for relatively weak bases
such as ketones.  Similar nonmonotonic behavior has
been observed by Roth, er al.,*¢ for rers-butylamine and
quinone. These authors proposed that multiple com-
plex formation caused the observed behavior although
their conclusions were only tentative and no explicit
assumption of an interaction mechanism or analysis of
data conforming to such a mechanism was explicitly

(14) With one very important exception, LS; formation via L + 28 2
LS.. This has been illustrated by other workers (ref 12). In the con-
centration ranges they employed, they got considerable curvature when
attempting to fit observed LIS data to this mechanism,

19(7105) M. D. Johnston, Jr., Ph.D. Dissertation, Princeton University,

(16) K. Roth, M. Grosse, and D. Rewicki, Tetrahedron Lett., 435
(1972).

24 12 0

Figure 2. Results of theoretical fits of the two-step mechanism,
L +S =2 LS, LS + S = LS,, to the observed LIS data for 3-(p-
chlorophenyl)-3,5,5-trimethylcyclohexanone at constant S, = 0.15
M. The curves were computer drawn from the four-parameter fit
described in the text. The largest deviation on these curves is 4 Hz
for the H, resonance, for an observed total incremental shift of
more than 1500 Hz. The protons are, reading from left to right at
the top of each drawing, (a) Mey, Meyx, Me,; H., He, Hi, Hy, Ha,
H.; (¢) H: (= Hg) and H; (= H;). The size of the data points does
not reflect the accuracy of the data.

given. In light of the discussion given below, some of
their conclusions about the relative importance of var-
ious complexed species were probably inadequate.

Only the formation of two or more complexes can
explain this nonmonotonicity.”” The most attractive
alternative to 1:1 complex formation is the formation
of the complexes LS and LS; by the two-step mecha-
nism for which the mathematical analysis was given in
the previous section of this paper, In order to test
the validity of this mechanism, a detailed comparison
of the one- and two-step mechanisms was performed
on the substrate 3-(p-chlorophenyl)-3,5,5-trimethyl-
cyclohexanone (hereafter, I). This compound has
11 distinct proton resonances in its nmr spectrum and
a well-documented X-ray structure.® In Figure 2 and

(17) It should also be noted that nonmonotonicity can only be ob-
served when the limiting incremental shifts of the different complexes
are unequal. There is also the possibility that, at very high concentra-
tions of LSR, complexes such as LeS and L.S; may be present and cause
the observed nonmonotonicity. These possibilities are being investi-
gated at the present but it is felt that they are not major hindrances to
applications of LSR’s under the usual conditions employed.
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Figure 3. A comparison of fits to the experimental data for the H,
resonance (LIS) of I for the one- and two-step mechanisms (solid
and dashed curves, respectively). In this comparison, the averaged
K (= 222) and K; (= 63.4), derived from the LIS of all the protons,
are used to draw the two-step curve whereas the best possible fit for
the one-step mechanism, derived for the H, proton only, is used to
draw the one-step curve. Despite this, the two-step mechanism
fits the data far better. The size of the data points does not reflect
the accuracy of the data.

Table I. A Comparison of the Results of Fits of the Observed
LIS of 3-(p-Chlorophenyl)-3,5,5-trimethylcyclohexanone (I) to
the One-Step and Two-Step Mechanisms

——One-step fit—  — —Two-step fit———

Protone K Ay g*e K, A Ay g*d
Me, 103 3.92 17 246 4.40 1.84 3
Me, 118 5.80 24 225 6.49 2.90 2
Me, 92 3.68 17 209 4.12 1.70 2
H, 84 15.63 15 199 17.52 7.00 3
Hy 89 12.98 16 228 14.56 5.87 3
H, 105 4.93 19 241 5.52 2.35 3
Hq 91 5.53 17 217 6.20 2.53 2
H, 97 15.08 19 204 16.90 7.09 3
H; 93 13.24 17 220 14.85 6.08 3
H;, HY 326¢ 1.01 65 2909 1.09 0.66 9
H., H¢/ 120 6.92 24 232 7.73 3.46 3

e Structural designations are defined in Figure 2. °® Results of
averaging: K; = 99 =+ 12 (see footnote g, below). ¢In ppm.
¢ In Hz, normalized to a limiting shift for the LS complex of 10
ppm. Presented in this form for convenience in comparison of the
relative standard deviations of the limiting shifts, ¢ Result of
averaging: K, = 222 £ 15 with K, = 63.4. Since the ratio of
K, to K, was kept constant at 3.5 for all these fits, K; is not shown.
The fits actually improved somewhat when K; was allowed to float
freely and not be fixed to K. (This was done with the H, proton
and ¢* decreased by 0.5 Hz and X and K; became, respectively, 220
and 62.0 with a ratio of 3.55.) Unfortunately, the amount of
computer time required for the calculations became prohibitive.
The limiting chemical shifts are, however, much less sensitive to
experimental error than are the equilibrium constants and were
probably accurate to <=£1%; when the equilibrium constant ratio
was fixed at 3.5. / Chemically equivalent protons because of the
rotating phenyl ring. ¢ These values were deleted in taking the
mean and standard deviation since the observed LIS were very small.

Table I are shown the results of a least-squares fit of
the concentration dependence of the LIS of all the
protons of I to the two-step mechanism. In Figure 3
and Table I are given detailed comparisons of the best
fits via both the one- and two-step mechanisms. Only
the H, proton LIS are given in Figure 3, since all other
protons showed similar behavior. All these fits were
performed directly on the unmodified fast-exchange
equation (eq 1) and no approximations of any sort

8189
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Figure 4. Results of a Gedankenexperiment for a fit of 1/Aé vs. S,
according to the method of ref 3 and 4. Here, the LIS were pre-
dicted from the four-parameter fit and used to generate the points
shown in the plot. The point falling off the line is at S; = 0.01 M
(with constant L, = 0.01 M). That this point should deviate is
consistent with the fact that the condition S¢ > L, no longer ob-
tains. A linear regression analysis on this line gave a correlation
coefficient of 0.99990 for shifts accurate to +0.1 Hz.

were employed. This is the most rigorous way possible
to compare two mechanisms when spectroscopic tech-
niques are employed.'® The agreement between the
experimental points and the best-fit curves is far better
for the two-step mechanism.’® This can be seen by
looking at Figure 3 or by comparing the ‘““normalized
standard deviations™ of the two sets of results. (¢* as

o* = 1000(s/Ay) Q1

defined is useful in comparing the shifts, for it is simply
the “real” standard deviation, in hertz, normalized to
take into account the different sizes of the shifts for
different protons. The factor of 1000 is included to
make all the data correspond to a A; of 10 ppm.) For
the single-step mechanism, the average value of o*
is £22.7 Hz and for the two-step mechanism, +3.2
Hz. This represents more than a sevenfold difference
in the variance. A more rigorous comparison of the
mechanisms is to see how well the equilibrium constants
(K,) agree among the protons. Neglecting the value
derived for the H; proton, since its shifts are very small,
the equilibrium constant derived from the one-step
mechanism was 99 = 12 and that from the other mech-
anism was 222 = 15, or per cent standard deviations
of =12 and %6 %, respectively.

These results very strongly favor the two-step mech-
anism. This is not too surprising if one recalls that
the first LSR ever used was an LS, type (dipyridine)
adduct.’® However, the apparent superiority of this
mechanism raises very important questions. Why
did the previous attempts®¢ yield such good plots
and are the parameters derived from these plots re-
liable? These are questions of urgent importance to
answer since the earlier methods are much easier to
employ and the associated calculations are tremen-
dously simpler. In Figure 4 are shown the results of

(18) The good agreement for the two-step mechanism is quite im-
portant. It has been pointed out (ref 12) that earlier methods (ref 3
and 4) cannot give good values for large equilibrium constants, This
(now resolved) difficulty is most likely owing to complications arising
from the assumption of an inadequate mechanism, as well as the fact
that these methods (ref 3 and 4) depend upon a y intercept, usually very

small, to derive the equilibrium constant.
(19) C. C. Hinckley, J. Amer. Chem. Soc., 91, 5160 (1969).
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a Gedankenexperiment in which the parameters de-
rived from the two-step mechanism are used to calcu-
late the behavior of 1/Aé vs. S, for constant L, for the
resonance of the H, proton of I. The conditions
(Lo = 0.01 M and 001 € S; € 0.5 M) are similar to
those in Kelsey’s* work. In this test, values of Aé
were derived from the four parameters (K, K», A;, Ay)
of the two-step mechanism fit and rounded to conform
to typical experimental error (=0.1 Hz) and then used
to generate ‘“data’ corresponding to the above con-
centration conditions. The general appearance of
the straight line is excellent; the only point falling off
the line is at S; = 0.01 M where, of course, the condi-
tion Sy 3> Ly does not hold. A linear regression analy-
sis performed on this line gave an excellent fit with
the correlation coeflicient being 0.99990. Thus, the
two-step mechanism is capable of reproducing results
obtained by plots of 1/Aé and is in no way inconsistent
with previous findings.

Having seen that the two-step mechanism can ac-
count for the linearity of plots of 1/A8 vs. S, it remains
to check the validity of the parameters derived from
such plots. First, the equilibrium constants derived
are most likely unreliable since they are derived from
the assumption of an inadequate mechanism and are
thus off by some factor, namely an activity coeffi-
cient. 22l However, the derived values of the limiting
shift are “correct” although the value obtained is not
A, but rather 2A,, the factor of 2 entering in to correct
for stoichiometry. A proof of this rather interesting
result follows.

The primary conditions obtaining in the plots of
1/A8 vs. Sgare that S¢>> L and that L, be held constant.
Thus, S, is much greater than the concentrations of
LS and LS; (x and p, respectively, below) and the
equilibrium constants take the following form (¢f. eq 11)

(22a)
and
(22b)

Furthermore, under the above conditions, x << 2y
usually holds, giving the following reduced form of the
fast-exchange equation

Ad = 2yA,/S, (23)

Solving for x and y in eq 22, substituting y into eq 23,
and inverting
1 (I + KSo + KiKySo?)

= 24
As 2K KoSoLoA; 24

Under the usual experimental conditions, the first two
terms in the numerator are negligible compared with the
third. Thus, eq 24 simplifies to

| So

- = 2

As 2LoA, (25
to an excellent degree of approximation. Thus, the

linearity of 1/A8 vs. S, holds and the slope is 1/(2L.A»).

(20) 1. Prigogine and R. DeFay, “Chemical Thermodynamics,”
Longmans, Green, & Co., Ltd., Norwich, United Kingdom, 1954.

(21) M. W, Hanna and D. G. Rose, J. Amer. Chem. Soc., 94, 2601
(1972).

Results comparing the values obtained for A, by the
two-step mechanism and by eq 25 are given in Table
IT (as methods A and B)and the agreement is excellent.

Table II. Comparison of Three Methods for Deriving the
Limiting Incremental Shift for the Species LS, (for Compound I)
Proton® Method A® Method Br Method C¢
Me, 1.84 1.85 1.87
Me, 2.90 2.90 2.90
Me, 1.70 1.70 1.74
H. 7.00 7.02 7.20
Hy 5.87 5.88 €.03
H, 2.35 2.34 2.38
Hgy 2.53 2.54 2.59
H., 7.09 7.11 7.20
H; 6.08 6.10 6.22
H;, Hge 0.66 0.66 0.62
H., He 3.46 3.48 3.44

e Structural designations are given in Figure 2. * Derived from

the four-parameter fit. ¢ Derived from a plot of 1/A8 vs. S at
constant L, (ref 3 and 4). For further discussion of the way these
parameters were derived, see text. ¢ Derived from a plot of Ad vs.
o at constant Sy, Experimental details are discussed in the text.
¢ Chemically equivalent protons owing to rotation of the phenyl
ring.

One additional question remains to be answered.
Are structural determinations employing merely the
observed LIS and not the limiting shifts reliable? Here,
the answer is in the affirmative, provided a few pre-
cautions are taken. Careful observation of the plots
in Figures | and 2 shows that, up to p ~ 0.7, the shifts
are linear in concentration.?? Indeed, for all data
(on several compound types) obtained recently in this
laboratory, regression analyses performed in the range
0 < p £ 0.4 are invariably excellent with better than
9997 correlation. (In these experiments, S, was kept
constant and L, was varied.) Since structural deter-
minations performed at such concentrations give ex-
cellent agreement factors,® LIS at small p should be
simply proportional to A, or to 4;. Proof of this fact
follows. First, the condition S, 3> L, should hold.??
Then, we do the experiment by varying p (= L¢/So)
and keeping S, constant. Taking eq 22 as a starting
point and proceeding as before, we arrive at the follow-
ing results

o(As) A .

o0 Sk + 24; = 24, (26)
Thus, the slope at small p of a plot of the LIS vs.
is simply 24,. In Table II (method C) are given re-
sults fér A, of I, derived via eq 26 from the experimental
data, and the values derived by this method agree
very well with those of the two-step mechanism and
those derived from plots of 1/Aé vs. S, at constant S,.

(22) Good linearity at low LSR concentrations is very important.
When using the slope of LIS plots at low LSR concentration in structural
determinations or to measure As, extreme caution must be exercised to
be sure that no competitive substrates (‘“'scavengers’) are present in
solution. The most commonly occurring scavengers in our work have
been water from the atmosphere and THF from the TMS. Fortunately,
the linearity of the plots at small LSR concentration is extremely sensi-
tive to the presence of scavengers and, when such are present, severe
curvature in the plots is observed. This has been found by us to be of
great use in assessing the purities of our samples and in assessing the
quality of a given run.

(23) When Ki is large, as well as Sq, linearity often holds up to higher
values of p usually employed in our experiments. Why this is so is
apparent in eq 26.
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Under the appropriate conditions, this slope should
be independent of S,. The less approximate form of
eq 26 provides a test of whether or not given experi-
mental conditions are ‘“‘appropriate.” If two runs
at different S, are performed and agree, then the cor-
rect limiting shift has been obtained; otherwise, addi-
tional measurements at higher S, are necessary.?* In
Table III are given results of measurements of A, for

Table III. Estimated Values of the Limiting Shift of LS,
(Incremental) for THF and Cyclopentanone in the
Presence of Eu(FOD);

A, A
Compound Proton (5 = 0.05 M)* (§; = 0.15 M)
Tetrahydrofurantse Ha. 9.77 10.16
Hg 4.11 4.22
Cyclopentanone H,. 4.78 4.94
Hg 1.78 1.78

¢ Evaluated from the slope of the LIS curve at low p (this work).
All values are in ppm. ® For THF, Kelsey (ref 4) obtained values
of 9.74 and 3.96 for the o and §3 protons, respectively, from plots of
1/Aé vs. S, at a constant L, of ~0.01 M. Agreement here is ex-
cellent. His values have been halved (cf. eq 25). ¢ We have also
derived values of A, for THF in the presence of Eu(DPM);. These
were, for the o and 8 protons, respectively, 15.44 and 6.95 ppm.
Professor M. R. Willcott at the University of Houston, using
methods similar to those in ref 3 and 4, derived values of 15.4 £ 0.2
and 7.0 = 0.1 ppm. Considering the fact that these data were
gathered from different laboratories (see also footnote b), that the
reagents came from different sources, and that the methods em-
ployed were quite different, the agreement between these data is a
very encouraging sign.

the a and 8 protons of THF and cyclopentanone at
So = 0.05and 0.15 M. Agreement between the values
is good. Thus, use of this “slope method” can give
reliable values of the limiting shift and provided the
value is extracted from the linear portion of the curve
(low p), isolated values of the LIS, even at a single con-

(24) There is some danger in letting So become too large. At very
high substrate concentrations, substrate-substrate interactions might
complicate matters considerably, especially if the substrate contains
aromatic substituents (which could induce sizable ASIS), Keeping So
small (0.5 M) should eliminate such problems. (When Sy is substan-

tial, such self-association effects can induce substantial shifts, even when
K is small, of the order of 0.05; c/f. ref 7a.)
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centration, can in principle be used for structural derer-
minations. The latter fact of course depends on the
applicability of the particular form of the pseudocontact
equation used. Tests of its rigor necessarily depend
on acquiring reliable limiting shifts and it is preferable
to use the data derived at several concentrations (and
derive the slope) rather than to base all results on one,
isolated concentration. Further work on this subject
will be reported in the future.

Summary and Conclusions

It has been shown, by a detailed analysis using a
four-parameter fit, that LSR-substrate systems can obey
a two-step equilibrium, L + S=2LS, LS + S = LS,,
within experimental error. Fits to a simple one-step
mechanism exhibited significant deviations. These
results are not inconsistent with previous findings®*
and, indeed, substantiate the reliability of earlier used
methods. That is, values of the limiting shifts from
previous methods are reliable, whereas equilibrium
constants thus obtained are not. However, the process
actually observed in earlier methods is the second step
of the two-step mechanism. Thus, we have shown
that a plot of 1/Ad vs. S; may be used (at constant L),
or a plot of Aé vs. p (at constant S;) may be used, to
give reliable limiting incremental shifts. This is a
useful finding since these latter methods are much easier
to employ than is the more complicated multiparam-
eter fit. In addition, the LIS at a single concentration
of LSR, provided it be in the linear region of the LIS
curve, can in principle be used for structural determina-
tions, although this procedure is obviously perilous
and is not recommended. Thus, the methods of Will-
cott and Davis® are still applicable and, in fact, theoret-
ical justification for their use is now at hand.
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