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Vibrational absorption and circular dichroism spectra of dextrorotatory, levorotatory, and racemic
mixture of tert-butylphenylphosphinothioic acid have been measured in CCl, solutions in the 2000—
900 cm™? region. The conformations for both tautomeric structures of (S)-tert-butylphenylphosphi-
nothioic acid are investigated using the B3LYP functional with the 6-31G* basis set. For the most
stable conformation, the absorption and VCD spectra are predicted ab initio using the B3LYP
functional with 6-31G*, 6-311G(2d, 2p), 6-31+G, and 6-311G(3df, 3pd) basis sets. A different
functional, B3PW91, was also used with the 6-31G* basis set. The predicted spectra are compared
to the experimental spectra. The comparison indicates that (—)-tert-butylphenylphosphinothioic
acid is of the (S)-configuration and exists in only one tautomeric structure and one conformation in

CCl, solution.

Introduction

Chiral organophosphorus compounds, especially phos-
phines, are extensively used in asymmetric and stereo-
selective synthesis,' 2 and synthesis and characterization
of phosphines have attracted much attention in recent
years. In a rich family of enantiomerically pure organo-
phosphorus derivatives, the enantiomeric tert-butylphe-
nylphosphinothioic acids have recently been used as
versatile chiral solvating agents for the NMR determi-
nation of the enantiomeric excesses of a large number of
chiral organic and heteroorganic compounds.*~¢ tert-
Butylphenylphosphinoselenoic acid has also been noted
to behave similarly.”

tert-Butylphenylphosphinothioic acid can be prepared
from tert-butylphenylphosphine oxide.? (—)-tert-Butylphe-
nylphosphine oxide was assigned the (S)-configuration
by chemical correlation,® 1 and this assignment was
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confirmed using vibrational circular dichroism (VCD).1?
(+)-tert-Butylphenylphosphinothioic acid was assigned
the (R)-configuration by chemical correlation,® and this
assignment has not yet been confirmed by spectroscopic
methods. (R)-(+)- and (S)-(—)-enantiomers of tert-bu-
tylphenylphosphinothioic acid have been studied using
electronic CD spectra of their complexes with tetraac-
etatomolybdenum.*? The possible tautomeric structures
or conformations in each of the tautomeric structures of
tert-butylphenylphosphinothioic acid, however, were not
analyzed or determined in the literature.

Some theoretical studies on simple phosphine oxides,
P(OH);, OPH(OH),, and phosphorothioate anions have
been reported.® tert-Butylphenylphosphinothioic acid 1,
like secondary phosphine oxides, phosphites, and phos-
phorothioate anions,'* can exist in an equilibrium be-
tween different tautomeric structures 1A and 1B. How-
ever, the stability of the different tautomeric forms of 1
has not been studied before, and the equilibrium constant
is unknown.
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The determination of absolute configuration by chemi-
cal methods is based on the assumption of the steric
course of a given reaction. VCD is an independent
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spectroscopic method without dependency on such an
assumption to determine the absolute configuration and
predominant conformations in the solution phase. Recent
developments in the application of density functional
theory'>~17 and improvements in VCD instrumentation
make it possible to use VCD for a confident determination
of the absolute configurations and/or conformations in
solution phases.'® 1 Successful determinations of both
the absolute configurations and the predominant con-
formations of 1,2,2,2-tetrafluoroethylmethyl ether,'®
desflurane,® epichlorohydrin,® 3-butyn-2-ol,'8 Troger's
base,'°@ phenyloxirane,'® tert-butyl n-butyl sulfoxide,®
and tert-butylphenylphosphine oxide!! in the solution
phase are some recent examples that reflect the reli-
ability of VCD method. In addition, the combination of
ab initio and experimental methods can be used to study
chemical reactions and elucidate their equilibria.?®

The equilibrium between tautomeric structures of tert-
butylphenylphosphine oxide and its dominant conforma-
tion has been determined earlier using theoretical and
experimental VCD spectra. Such information is not
available for tert-butylphenylphosphinothioic acid. There-
fore, we have measured the VCD of (—)-, (+)-, and (&)-
tert-butylphenylphosphinothioic acid and undertaken the
state-of-the-art ab initio theoretical VCD investigations
using density functional method and different basis sets.
These results are used to elucidate the absolute config-
uration, predominant conformation, and tautomeric struc-
tures of chiral tert-butylphenylphosphinothioic acid.

Results and Discussion

The geometries were optimized at the B3LYP/6-31G*
level using the standard dihedral angles of 0, 60, 120,
180, 240, or 300° for the Ct—P—C;—C, segment (where
Ct is the central carbon atom of tert-butyl group, see
Figure 1) for the two tautomeric structures of (S)-tert-
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Figure 1. Tautomeric structures and different conformations
of (S)-tert-butylphenylphosphinothioic acid. Compounds 1A
and 1B are different tautomeric structures; a and a' are
conformations around the C,—C;—P—Ct dihedral segment for
1A; b and b’ are conformations around the C,—C,—P—Ct
dihedral segment for 1B; al—a3 are conformations around the
Ct—P—0O—H dihedral segment for 1A; and b1—b3 are confor-
mations around the Ct—P—S—H dihedral segment for 1B.

butylphenylphosphinothioic acid. These starting geom-
etries converged to two conformations for each of the two
tautomeric forms, differing in the dihedral angles for the
Ct—P—C;—C; segment (a and &’ for tautomeric structure
1A; b and b’ for tautomeric structure 1B), as summarized
in Table 1 and shown in Figure 1. Because of the
symmetry of the benzene ring, the two different confor-
mations based on the dihedral angle C,—C;—P—Ct for
each tautomeric structure have the same energies and
they cannot be distinguished. Keeping the Ct—P—C;—
C, segment in the gauche plus (labeled as a and b)
conformation, we studied the stability of the resulting
three conformations based on the difference in the
dihedral angles H—O—P—Ph and H—S—P—Ph of forms
1A and 1B (al—3 and b1—-3 in Figure 1). Only one stable
conformation a2 is obtained for tautomeric structure a;
al and a3 conformations converged to a2 (possibly due
to the interaction between the hydroxyl hydrogen atom
and the benzene ring and sulfur). For tautomeric struc-
ture 1B, three stable conformations are obtained. The
converged C,—C,—P—Ct, C,—C;—P-0, C,—C,—P-S, Ph-
POH, and PhPSH dihedral angles, optimized electronic
energies, Gibbs energies, and relative populations are
listed in Table 1. Tautomeric form 1A has a much lower
energy than tautomeric form 1B. On the basis of the
relative populations, we predicted the equilibrium con-
stant to be 1.9 x 10~ for the equilibrium between two
tautomeric structures of (S)-tert-butylphenylphosphi-
nothioic acid. Thus, for isolated (S)-tert-butylphenylphos-
phinothioic acid, the predominant tautomeric structure
is 1A and the conformation is a2.

The converged tautomeric forms were found to have
potential energy minima (i.e., all vibrational frequencies
are real) at the B3LYP/6-31G* level. The absorption and
VCD intensities were calculated for conformations a2 and
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Table 1. Conformations and Energies of (S)-tert-Butylphenylphosphinothioic Acid

taut. starting geometry? converged geometry? energy®
struct. C,C;PCt C,C;PO C,CiPS D CyC,PCt C,C,PO C,C4,PS D labelP electronic Gibbs AEY pop.t (%)
A 0 -120 120 180 947 —1595 —35.8 102.2 a2 —1204.917683 —1204.726322 O 100
60 —60 180 180 947 —159.5 —358 1022 a2 —1204.917683 —1204.726322 0
120 0 —120 180 947 —1595 —35.8 1022 a2 —1204.917683 —1204.726322 O
180 60 —-60 180 —85.6 20.3 1441 1022 a2' —1204.917683 —1204.726322 0
—120 120 0 180 —85.6 20.3 1441 102.2 a2' —1204.917683 —1204.726322 0
—60 180 60 180 —85.6 20.3 1441 1022 a2' —1204.917683 —1204.726322 0
95 —160 —-36 180 947 —1595 —35.8 102.2 a2 —1204.917683 —1204.726322 O
95 —160 -36 —60 947 —1595 —35.8 102.2 a2 —1204.917683 —1204.726322 O
95 —160 —36 60 947 —159.5 —358 1022 a2 —1204.917683 —1204.726322 0
B 90 —160 —20 180 741 -160.2 —36.0 1684 bl —1204.905865 0
90 —160 -20 60 741 -160.2 —36.0 51.1 b2 —1204.902132
90 —160 —-20 -60 741 —160.2 —36.0 —84.3 b3 —1204.906337 —1204.718249 5.07
-90 20 160 —-60 —105.8 19.9 1441 —843 b3 —1204.906337 —1204.718249 5.07

a Dihedral angles are given in degrees; D stands for PhnPOH for the tautomeric form 1A and PhPSH for the tautomeric form 1B. P See
Figure 1 for the labels. ¢ In Hartrees. 9 Relative energy difference given in kcal/mol. ¢ Percent population based on Gibbs energies.
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Figure 2. Comparison of the experimental absorption spectra
of enantiomeric tert-butylphenylphosphinothioic acid at ~0.34
M in CCl, solution (top three traces) with the predicted
absorption spectra (bottom six traces) of different stable
conformations of the (S)-configuration (structure and confor-
mation labels in Figure 1) obtained with different basis sets.
The predicted bands in the 1500—900 cm~* region are num-
bered in the theoretical spectra as 1—36 in the decreasing
order of frequency. The corresponding experimental bands are
identified in the experimental spectra by these numbers. The
bands in the experimental spectra marked by asterisks are
considered to be due to impurities.

b3 at the B3LYP/6-31G* level. The predicted absorption
and VCD spectra were simulated with 5 cm™* half widths
and Lorentzian band shapes. The theoretical spectra for
the predominant conformation a2 can be compared to the
experimental spectra in Figures 2 and 3.

The experimental absorption spectra obtained for 0.34
M CCl, solution are shown in Figure 2, where the
absorption spectrum of the solvent has been subtracted.
The absorption bands in the predicted spectrum (B3LYP/
6-31G*) for conformation a2 show a one-to-one cor-
respondence with the absorption bands in experimental
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Figure 3. Comparison of the experimental VCD spectra of
enantiomeric tert-butylphenylphosphinothioic acid at ~0.34 M
in CCl, solution (top three traces) with the predicted VCD
spectra (bottom six traces) of different stable conformations
of the (S)-configuration (structure and conformation labels in
Figure 1) obtained with different basis sets. The predicted
bands in the 1500—900 cm™ region are numbered in the
predicted spectra as 1—36 in the decreasing order of frequency.
The corresponding experimental bands are identified in the
experimental spectra by these numbers.

spectrum. The notable differences are the following. (a)
The predicted frequencies of the bands for conformation
a2 in the range from 1220 to 800 cm~* are much larger
than the frequencies of the corresponding bands in the
experimental spectra. (b) The bands at 1083 (peak 21)
and 1045 cm™* (peak 23) in the predicted spectrum for
conformation a2 are separated by a much larger gap than
the corresponding bands around 920 cm™! in the experi-
mental spectra. (c) There are no bands corresponding to
the weak bands observed around 1020 cm™ in the
experimental spectra. Except for these differences, the
experimental spectra in CCl, and solution are considered
to be in agreement with the predicted absorption spec-
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trum for conformation a2. In addition, since the predicted
absorption spectrum for conformer b3 does not cor-
respond well to the experimental absorption spectrum,
it is concluded that the tautomeric structure 1B does not
have a dominant population in CCl, solution.

The experimental VCD spectra obtained for 0.34 M
CCl, solution are shown in Figure 3, where the VCD
spectrum of the solvent has been subtracted. The sig-
nificant VCD bands in the predicted spectrum (B3LYP/
6-31G*) for the conformation a2 of (S)-tert-butylphe-
nylphosphinothioic acid are a negative—positive couplet
with a positive maximum at 1428 cm™! (peak 10) and a
negative maximum at 1474 cm™! (peaks 5 and 6), a
positive band at 1189 cm™! (peak 18), and a positive—
negative—positive triplet at 1083 (peak 21), 1045 (peak
23), and 1006 cm™! (peak 26). The same features are seen
in the experimental VCD spectrum for the (—)-tert-
butylphenylphosphinothioic acid except for the follow-
ing: (@) the relative intensities for the bands of the triplet
are different in the experimental VCD spectrum and (b)
there is no negative band in the experimental VCD
spectrum corresponding to the predicted negative band
at 1474 cm L. These differences may come from the
remaining inaccuracy of the predicted relative intensities
and frequencies in calculation. The intensities of the
bands in the B3LYP/6-31G*-predicted VCD spectrum of
conformation b3 are very small compared to those
predicted for conformation a2; also, the VCD sign pattern
predicted for b3 does not match the experimentally
observed sign pattern. Thus, as concluded earlier, the
population of tautomeric structure 1B is not expected to
be significant in CCl, solution.

The discussion presented above for predicted spectra
pertains to those obtained at the B3LYP/6-31G* level.
To investigate the influence of basis set on the observed
differences between experimental and predicted spectra,
calculations were also undertaken with larger basis sets,
namely, 6-311G(2d, 2p), 6-31+G, and 6-311G(3df, 3pd),
using the same functional. The geometry of conformation
a2 was optimized with each of these basis sets, and
vibrational absorption and VCD spectra were obtained
at the optimized geometries. These calculations were also
repeated with a different functional, namely, B3PW91,
using the 6-31G* basis set. All of these results are
presented, along with B3LYP/6-31G* results, in Figures
2 and 3. As can be seen in Figures 2 and 3, the overall
spectral patterns did not change significantly in these
calculations. The frequencies of bands 23, 25, and 26 are
predicted to be slightly lower, by 6-31+G and 6-311G-
(3df, 3pd) basis sets, approaching closer to the experi-
mental frequencies. But the relative absorption intensity
for band 26 is predicted to be larger than that observed,
and the relative VCD intensity for band 26 is predicted
to be much smaller than that observed. To summarize
these observations, the quality of predicted spectra did
not improve upon going from 6-31G* to the 6-31+G,
6-311G(2d, 2p), or 6-311G(3df, 3pd) basis set. Similarly,
there is not a significant change in the predictions when
the functional is changed from B3LYP/6-31G* to B3PW91/
6-31G*. Finally, it is somewhat unusual that the differ-
ence between observed and calculated frequencies is
rather large in the 1200—900 cm™! region for this
molecule. This discrepancy may be attributed to the
presence of heavy atoms in this molecule.

Wang et al.

Conclusion

The comparison of experimental and ab initio predicted
absorptions and VCD spectra indicates the following. (a)
(—)-tert-Butylphenylphosphinothioic acid is of the (S)-
configuration; the (—)-(S)-configuration is in agreement
with the chemical correlation reported in ref 8. (b) Only
one tautomeric structure and one conformation are
predominant for (—)-tert-butylphenylphosphinothioic acid
in CCl, solution. (c) P-Chiral phosphines can be studied
using a combination of experimental and ab initio VCD
investigations because such molecules do show significant
VCD signals, but the accuracy of the calculated frequen-
cies needs to be improved when there are heavy atoms
in the molecule.

Experimental Section

General. NMR spectra were recorded at 200 MHz.

Racemic and Enentiomeric tert-Butylphenylphosphi-
nothioic Acid 1. Racemic thio acid 1 was prepared? by the
addition of elemental sulfur to the sodium salt of racemic tert-
butylphenylphosphine oxide in methanol. The formed crude
sodium salts of the thio acid 1, dissolved in a water—methanol
mixture, were converted into the free acid 1 by acidification
of a water—methanol solution with diluted hydrochloric acid.
The formed thio acid 1 was extracted with chloroform. Evapo-
ration of the chloroform gave the chemically pure thio acid 1:
H NMR (CDCls) ¢ 1.163 (d, J = 10.4 Hz, 9H), 7.250—7.500
(m, 3H), 7.720—7.830 (m, 2H); 3P NMR (CDCl3) 6 98.42 (s).
Optically active enantiomers of the thio acid 1 were prepared
via diastereomeric salts of the thio acid 1 with enantiomers of
optically active a-methylbenzylamine. The particular diaster-
eomers were formed in situ by the addition of elemental sulfur
to racemic tert-butylphenylphosphine oxide in the presence of
the optically active amine.?* The particular enantiomer of the
thio acid 1 was liberated from the given diastereomeric salt
with optically active amine by acidification with hydrochloric
acid and had the following optical rotations: dextrorotatory
enantiomer [a]sss = +27.3 (¢ 1.75, MeOH), ee = 91.6%;
levorotatory enantiomer [o]ssg = —28.3 (¢ 1.20, MeOH), ee =
95%. The spectral data (*H and 3P NMR) were in full
agreement with those reported above for the racemic thio acid
1. Earlier, the racemic thio acid 1 was resolved into enanti-
omers via diastereomeric salts with enantiomers of a-methyl-
benzylamine.8-1°

Measurements. The VCD spectra® were recorded with 3
h of data collection time at a 4 cm™? resolution. Spectra were
measured in CCl, solvent at a concentration of ~0.34 M and
at path lengths of 60 and 130 um. Spectra for (—)-tert-
butylphenylphosphinothioic acid have also been collected in
CCl, solvent at different concentrations and in CHCI; at 0.38
M. The sample was held in a variable path length cell with
BaF, windows. In the presented absorption spectra, the solvent
absorption was subtracted out. In the presented VCD spectra,
the raw VCD spectrum of the solvent was subtracted.

Calculations. The ab initio vibrational frequencies, absorp-
tion, and VCD intensities for (S)-tert-butylphenylphosphi-
nothioic acid were calculated using the Gaussian 98 program?’
on a Pentium Il 300 MHz PC. The calculations used the
density functional theory (DFT) with Becke-style B3LYP and
B3PW91'S hybrid functionals and 6-31G*, 6-31+G, 6-311G-
(2d,2p), and 6—311gG(3df,3pd) basis sets.?° The procedure for
calculating the VCD intensities using DFT theory from
Cheeseman et al.'® as implemented in the Gaussian 98
program.'” The theoretical absorption and VCD spectra were
simulated with Lorentzian band shapes and 5 cm™ full width
at half-height. Since the ab initio-predicted band positions are
higher than the experimental values, the ab initio frequencies
obtained with 6-31G* basis set were scaled with a factor of
0.9613, and those based on other basis sets are scaled with a
factor of 0.975.
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