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Abstract: Enantiomeric shift differences were induced by achiral shift reagents in "H NMR for the partially resolved alk-
ylamines. The origin of the shift differences was ascribed to the 1:2 adducts of lanthanide shift reagents and amines. The en-
antiomeric shift differences for various lanthanide reagent concentrations suggested the stoichiometric changes in solution.
The equilibria between the 1:1 (seven-coordinate) and the 1:2 (eight-coordinate) adducts were established for the alkylamine
complexes with europium, praseodymium, and ytterbium reagents.

Since the discovery of the lanthanide shift reagents by
Hinckley,?2 a vast number of studies of the application of
lanthanide chelates in NMR spectroscopy have been con-
ducted. At present, the application of lanthanide complexes
as chemical shift inducers is a routine technique for 'H
NMR.2b-4 The interpretation of the shifts induced by such
reagents, however, requires knowledge about the factors in-
fluencing the induced shifts. These include the contribu-
tions due to contact shifts,5-8 pseudocontact shifts,® com-
plex formation shifts,'%-12 and the stoichiometry of the ad-
duct. On the stoichiometry in solution, recent studies!3-!8
suggested the existence of an equilibrium between a 1:1 and
a 1:2 adduct of shift reagent and substrate. In the first in-
vestigation,'3 two rapid equilibria were assumed:

Ln + S==LnS (K{, &)
Ln-S + § = Ln-S, (K, A,)

where Ln and S represent the shift reagent and substrate,
respectively. Four parameters, two association equilibrium

constants (K, K3), and two limiting incremental shifts due

to the shift reagent (A), A in parts per million), were cal-
culated to give an adequate account of the observed shift in-
duced by the reagent at various concentrations. They
showed rather definitively that assumption of just 1:1 com-
plex formation gives very poor agreement between calculat-
ed and observed shifts. The procedures employed by the
other authors are essentially similar.!5-18 Recently, Goering
et al.'® also suggested the presence of the equilibria of the
1:1 and 1:2 adducts from similar experiments using chiral
shift reagents. These reports, however, present rather indi-
rect evidence for such an equilibrium. It is the purpose of
this report to provide more direct evidence for the equilibri-
um between the 1:1 and 1:2 shift reagent adducts of alk-
ylamines.

Results and Discussion

As part of a general study of lanthanide shift reagents,2b
their effects on partially resolved enantiomeric amines were
investigated. In the course of this study, the methyl proton
resonance of partially resolved a-phenylethylamine (1) was
found to exhibit two sets of shifted doublets in the presence
of Eu(fod);® (Figure 1a). Since it is generally accepted
that the NMR spectra of a racemate and of either enan-
tiomer in pure form are identical in achiral media, this ob-
servation warranted further investigation.

When substituting Eu(dpm);2° and Yb(fod); as the shift

reagents, similar results were obtained, although, in the lat-
ter case, severe line broadening caused collapse of the dou-
blet structure (Figures Ib and lc). Upon measuring the
ratio of the signal areas for the two sets of resonances, it
was found that this ratio was equal to the ratio of the two
enantiomers in the partially resolved mixture. This led us to
believe that the two sets of resonances were due to each of
the enantiomers. The same results were also found for other
optically active amines such as a-(2-thienyl)ethylamine (2)
(Figure 2). Apparently these observations are quite similar
to those very recently reported by Whitesides et al.2! They
found that racemic N-methyl-a-phenylethylamine exhib-
ited an enantiomeric shift difference induced by Eu(fod);
when optically pure a-phenylethylamine was present. Our
finding therefore indicates that addition of an optically ac-
tive amine other than the solute is not a prequisite for in-
ducing enantiomeric shift differences.

The enantiomeric shift differences (AA§), as well as the
ratio of the areas, was studied as a function of the relative
concentration of the two enantiomers. The AAS values were
found to depend not only on the ratio of the enantiomers
but also on the relative concentration of amine (substrate)
and shift reagent. The AA§ values for the methyl proton
resonances of 1 are listed in Table I for different ratios of
the enantiomers. The variation of the same AA§ value with
the relative concentration of amine and shift reagent is
shown in Figure 3. Although the values differ for the two
shift reagents listed, it is clear that the same dependence is
observed, and that a maximum AA$ value is found at a
molar ratio of shift reagent to substrate of ~0.5.

A previous report by Williams et al.2? suggested an ex-
planation for these observations. They found the NMR
spectra of optically pure and of racemic dihydroquinine to
be significantly different at the same concentration in deut-
eriochloroform. In addition, partially resolved dihydroquin-
ine gave two sets of peaks for some proton resonances, the
ratio of these peak areas being equal to the ratio of the en-
antiomer concentrations. These findings were rationalized
by consideration of unusually strong solute-solute interac-
tion for this compound.

A similar explanation would be applicable for the present
observations. a-Phenylethylamine by itself cannot experi-
ence a sufficiently strong solute-solute interaction at the
concentration we studied, as is apparent from the finding
that either of pure enantiomers shows exactly the same pro-
ton NMR spectrum as the racemate. The dissymmetric in-
teractions could, however, be facilitated by a lanthanide
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Figure 1. Room-temperature, 100-MHz NMR spectra of partially resolved a-phenylethylamine in CDClj (the total amine concentrations was 0.1
M and the enantiomeric ratio was S/R = 0.2): (a) in the presence of 0.05 M Eu(fod)s; (b) in the presence of 0.01 M Yb(fod)s.

complex as an intermediate. The origin of the enantiomeric
shift differences may be explained by invoking a series of
equilibria:

K K
§ == Lns =~

VI

Ln-SR Ln-RS
K; K,
o
R ==Ln-R == Ln-RR

where Ln represents the lanthanide shift reagent and S and
R are the two enantiomers. K| represents the equilibrium of
the 1:1 complexes, and X, and K3 represent the equilibria
of the 1:2 complexes. Ln-RR and Ln-SS constitute the d/
pair, and Ln-SR and Ln-RS the meso form of the diaste-
reomeric set of complexes. If rapid equilibria are assumed,
the chemical-shift difference, AA§, can be expressed by eq
1. The details in the derivation of this and subsequent equa-

[Ln][SIR](S] - [RDK

Ln-SS

AAG = e s ok, /K, - 1) %
(6g + [Ln]K 8y -p)+ 2[Ln]K1K2 [s] + [R])
(2815-sr — 201,-gr) + (1 + [Ln]K)) x
(25Ln—sn - Kz/K3 5Ln-RR)} (1)

tions can be found in Appendix I. It follows immediately

that (1) in a racemic mixture, where [S] = [R], there is not
observable chemical-shift difference, (2) even if the induced
chemical shifts of the diastereomeric forms are identical, it
is possible to observe a chemical-shift difference, provided
K> # K3, and (3) even if K; = K3, there will be a chemi-
cal-shift difference provided there is a difference in induced
chemical shift between the meso form and the d/ pair. Al-
though the first point is somewhat obvious, it is important
to note that the induced shifts in the racemate may differ
from those in the optically pure solutions since the ér,-rr
and 6 ,-sg may differ.

For partially resolved amines, a chemical-shift difference
was observed, and it remains to ascertain the origin of this.
Modification of eq 1 in the limits of §Ln-RR # 6Ln-SR, but
K> = K3 and 6L,-rr = 61.0-SR, but K, = K3 gives eq 2 and

(1) dra-rr = Ors-sn; Ko # K;

JLISIRIE K] = [RD (o e 4y

AAS = CaCs
{(53 - 5Ln—nn) + Ki[Ln](éLn—R - 5Ln—RR)} (2
(i) Opa—rRr * Orp-smr: Ko = K3
C
AN = Z_E:C—B[LH_SR](GLn—SR = Opperr) =
X —RR
- 2 k 2[Ln ](5Ln—sn - 5Ln—nn) (3)

X Cr
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Figure 2. Room-temperature, 100-MHz NMR spectra of partially resolved a-(2-thienyl)ethylamine in CDCl; in the presence of 0.03 M Eu(fod)s
(the total amine concentration was 0.1 M, and the enantiomeric ratio was S/R = 0.5).
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Figure 3. The enantiomeric shift difference for the methyl protons of 1
as a function of the molar ratio of shift reagent to total amine (the total
amine concentration was kept at 0.1 M, and the enantiomeric ratio was
constant at 0.2).

Table 1. Enantiomeric Shift Differences, AAS, of
a-Phenylethylamine at a Constant Ratio of Eu(fod), to
Total Amine

Cs + CRs
Can M M CS/CR AAS, Hz
0.05 0.1 0.6 2.9
0.05 0.1 0.5 4.2
0.05 0.1 0.4 6.4
0.05 0.1 0.2 9.2
0.05 0.1 0.1 10.5

3. Considering eq 2, it follows that the largest chemical-
shift difference should be observed for the protons with the
largest induced shift. In this case, this is the a-methine pro-
ton. Although this signal is somewhat broadened, it is clear
from Figure | that the linewidth is less than what would be
expected based on the chemical-shift difference for the
methyl protons. The conclusion must then be that the over-
riding factor in causing the chemical-shift difference is the

[ R,S
11 R-s
b R(S)
R»S
(S»R)
«—— AN S ———>
a R(S) .
|
e ! R(S
ZIL"Cﬂ@Ln-RR-5Ln~sR’ \ (5)
R |
o

Figure 4. Diagrammatic representation of the induced shifts for the
methyl protons of 1.

difference in induced shift of the Ln-RR and Ln-SR forms.
An assumption that K; = K3 should thus be a good one,
and from eq 3, it is seen that the values of 8. ,_sgr and
81.n-RR are important factors determining the chemical-shift
difference. Equation 3 also shows the dependence on the ex-
tent of resolution of the enantiomers, i.e., the ratioof R to S
forms. This dependence agrees well with the observed
changes listed in Table 1. Considering the second part of eq
3 we can see that as X becomes close to unity, [Ln-RR]/
Cr maximizes, and (1 — 2XRr)/Xr approaches —1. Hence,
if Crn/C is kept constant at 0.5, [Ln-RR]/Cgr will ap-
proach 0.5 as a maximum value. With this condition it is
possible to estimate a “minimum” value for (6p,-sr —
dLn-RR) since (AA8)xg—-1 — (6Ln-RR — OLn-sr). In this
manner, the “minimum” value is found to be (6pn,-sr —
SLn-RR) = (—)11 Hz for the a-methyl protons of 1 with
Eu(fod)s.23 In addition, if desired, it is then possible from
the first part of eq 3 to estimate [Ln-SR] as a function of
the molar ratio. Thus it is possible to obtain a “real’ value
for (6La-sR — 6Ln-RR). The origin of the enantiomeric shift
difference, and its relation to the formula given, can be un-
derstood using a diagramatic representation of the averaged
shift given by eq I and II (Appendix I). Figure 4a shows the
expected signal from either of the pure enantiomers. The
upfield position, indicated by a broken line, represents the
expected chemical shift of the Ln-SR species (8L,-sr).
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Figure 8. Chemical shifts at 100 MHz for 0.1 M pure L-a-phenyleth-
ylamine (S) as a function of the molar ratio of shift reagent [Eu(fod)s}
to amine.

Upon addition of a small amount of the other enantiomer,
the contributions from each will average differently with
the Ln-SR species, and the induced shift for the minor
component will appear upfield (Figure 4b). In the limit of a
racemic mixture, the two enantiomers will average equally,
and there will be only one signal at the center position (Fig-
ure 4¢). A direct consequence of this is that the induced
chemical shifts for the racemic mixture are not the same as
those for the pure enantiomers. However, the measurements
of the induced chemical shifts have errors which are as
large or larger than the expected difference between the ra-
cemic and pure enantiomer (ca. 5 Hz), so the difference
cannot be established with certainty.

The assumption that X, = K3 implies that the binding of
the S and R enantiomers is equally favorable energetically,
and therefore the stability of each of the diastereomeric
complexes is identical. In actual fact, this does not have to
be the case, and a small difference between K, and K3
could give a contribution, which in some cases conceivably
could be of major importance.

The formation of 1:2 complexes, as this explanation
suggests, requires the existence of an eight-coordinate lan-
thanide complex. In the crystalline state, evidence for such
eight-coordinated complexes has been found by X-ray crys-
tallographic technique.2-26 In solutions, however, most of
the evidence for eight-coordinate complexes is rather indi-
rect.!3-1% The clearest evidence seems to be provided by
Evans and Wyatt.2” They observed separate methyl signals
from free and complexed dimethyl sulfoxide (DMSO) in
the presence of Eu(fod); at —80°, and from the signal in-
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Figure 6. Schematic representation of the concentrasion of the 1:1 and
1:2 complexes in a solution as a function of the molar ratio of shift re-
agent to substrate.

tensities concluded that, with excess DMSO, a 1:2 complex
of shift reagent to DMSO (an eight-coordinate complex)
predominated. At room temperature with excess Eu(dpm)s,
a 1:1 complex (a seven-coordinate complex) is obtained.
Similarly Uebel and Wing?8 isolated a seven-coordinate
lanthanide complex with sulfoxide, which had been charac-
terized by X-ray analysis. These observations render some
support to our suggestion that a rapid equilibrium between
a seven- and eight-coordinate complex is present with these
amines.

The suggested explanation also requires that K, (and K3)
be sufficiently large that the concentration of 1:2 complexes
will be significant. Whether this requirement is fulfilled de-
pends on the relative stability of the seven- and eight-coor-
dinate complexes. That there is only moderate or small dif-
ferences in this relative stability seems evident from studies
of other seven- and eight-coordinate complexes.'* There is
then no reason to expect that K, will be very small com-
pared with K, in these amine complexes, and further evi-
dence for this is found in the variation of the induced shifts
with the molar ratio of lanthanide shift reagent to substrate.
This variation is illustrated in Figure 5 for 1 and is found to
be qualitatively very similar to previously observed
changes. 31429 The variation of this type has been analyzed
in detail for several cases,!3!4 and in each, the conclusion
was reached that 1:2 complexes were formed to a signifi-
cant extent.

In addition, the formation of 1:2 complexes will naturally
depend on the ratio of K; to K, as noted, but it is reason-
able to expect a variation of each as illustrated qualitatively
in Figure 6, where the maximum concentration of 1:2 com-
plexes would occur at a molar ratio of shift reagent to sub-
strate of 0.5. In qualitative terms, it is then easy to under-
stand the variation of AA§ (Figure 3) as observed for 1
since the AAé is directly proportional to the mole fraction of
Ln-SR, which is maximum at [CL,]/[C] = 0.5.

There is therefore much evidence supporting the conclu-
sion that, in solution of aliphatic amines and lanthanide
shift reagents, a set of rapid equilibria between 1:1 and 1:2
adducts exists, and if partially resolved enantiomeric
amines are used, these equilibria will fully account for ob-
servations of enantiomeric chemical-shift differences.

Experimental Section

100-MHz NMR spectra were measured on a Varian XL-100
spectrometer at ambient probe temperature using Me4Si as an in-
ternal standard. All samples were dissolved in deuteriochloroform
which had been dried over molecular sieves. Optically active and
racemic a-phenylethylamine were purchased from Aldrich Chemi-
cals (Gold Label grade) and were distilled prior to use. Partially
resolved a-(2-thienyl)ethylamine was kindly provided by Dr W. H.
Pirkle and was used without further purification. Shift reagents
were purchased from Bio-Rad Laboratories and were used without
any other drying procedure.

Acknowledgment, The authors thank Mr. Nils O. Peter-
sen for his numerous comments on this manuscript.
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Appendix I

For the set of equilibria proposed, the equilibrium con-
stants are given by:

P [Ln-S]  [LnR]
' 7 [n](s] ~ [Ln][R]
x. — LSSl [Ln-RR]
27 [Ln-s][s] = [Ln-R][R]
K = [Ln—SR] _  [Ln—RSs]
* 7 [Ln-s][R] ~ [LnR][S]
In addition, it is clear that the total concentrations are:
Cps = [Ln] + [Ln—8] + [Ln-R] + [Ln-RR] +
[Ln-sS] + [Ln-SR] + [Ln—RS]
Cr = [R] + [Ln—R] + [Ln—SR] +
[Ln—RS] + 2[Ln-RR]
Cs = [S] + [Ln—S] + [Ln—SR] +
[Ln—RS] + 2[Ln-SS]
C = Cp + Cq

Assuming all the equilibria are rapid, the observed induced
chemical shifts for each of the enantiomers will be given
by!? eq I and II. Experimentally it has been observed that

AGRObSd — ([R]ﬁn + [Ln_R]éLn—R +

Sl

2[Ln—RR16y, pp + [Ln-RS10.,-ps +
[Ln—SR]6,,-s5) (D
AGE = 51;([8]55 + [Ln—S)8;,-s +

2[I-'n_ss]ér_m—ss + [Ln—RS]éLn—RS + [Ln—SR]éLn—SR) (1D

the chemical shifts of each of the pure enantiomers are
identical, which implies that g = ds. In an excess of lan-
thanide shift reagent, it is also observed that the induced
chemical shifts of each of the pure enantiomers are identi-
cal, which must mean that 6 n.rRr = Opn-ss. All of these
equalities are chemically intuitive since the complexes are
enantiomeric to each other. It does not, however, necessari-
ly follows that ép,-rRR = 6Ln_SR, Whereas it is assumed that
SLn-SR = SLn-Rrs since Ln-SR and Ln-RS are identical, but
Ln-RR (or Ln-SS) and Ln-SR are diastereomeric. Using
these considerations, the enantiomeric shift difference, AAS,
is given by eq III. Equation III can be rearranged to give eq
IV. As discussed in the text, two limits can be considered.

AAd = b0 — 5% = ([R]/Cy — [8]/Cq) (6 +
Ky[Ln]éy,—p) +2[Ln]kK,([R]?/Cp — [S]*/C9)bpprr +
2[Ln]K1K3([R][S]/CR - [R][S]/CS)GLn—SR (111)

AMS = a:-é—s—{[Ln]Ki(ZKz — 2K,)[S][R](S] - [R]) x

(6 + Ky[Ln)d,, ) — [Ln]K K,[S][R](S] - [R]) x
(1 + [Lnl; + 2[Ln]kK;([S] + [RD28.,-pg) +
[Ln]K K,[S][R]([S] — [RD(1 + [Lnlx, +
[Ln]K1K2 (s] + [R])ZGLn—SR)}

[RDEKs 10501, — 1) (65, +

=

_ [LallS)RI(S] -
CaCo

[Ln]K;61,-r) + 2[Ln]K K,([S] +

20p5-rr) + (1 + [Ln]K)(28;, s —

[RD)(26L4-sr —
2(K,/K3)015-pr) }
(v

1765

(1) dLn-sr = OLn-RR, but K3 # K3 with these conditions,
we get eq V. From this expression, it is clear that there

[Ln][S][R](S] -
CrCs

+ (1 +

AAS =

[R])K1K3{2(K2/K3 - 1)(6g +

Ky[Ln]6y - p) [Ln]k,)(1
= [Ln][s][RI([s] -
CrCs

{(253 = 20p-rp) * Ki[Ln](zéLn—R - 25Ln—nn)} V)

should be an enantiomeric shift difference for all protons in
the compound.

(i1) dLa-sR # OLn-RR, but K3 = K3, with these conditions,
we get eq VI, where XRr denotes the mole fraction of the R
enantiomer in the partially resolved amine.

- KZ/K3)25Ln—RR}

(RO, (Ky/Ky — 1)

AAS = [Ln][s][R](C[S]CS— [RDK K, {2[LnlK K, x
(s] + [RD + 1 + [Ln]K K26, ,sp — 201,-rR)
= {{Ln—SR]/CrCs}{2[Ln][S]?k;K, + [Ln][S]K; +
[s] + 2[Ln—SR] — 2[Ln][R]*k K, — [Ln][R]K, —
[R] - 2[Ln_SR]}2(5Ln—SR — OLa-rr)
= {Z(Cs - CR)/CSCR}[LI;_SR](GLFSR ~ Ops~rR)
={(1 - 2Xp) /X }2{[L0-RR]/Xp} 0L sk — OLarr)
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