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In a majority of the cases, the structure of a molecule determined in the crystalline state is used to explain the
properties of that molecule in the solution phase. To test the general applicability of such an approach, the
structure oftert-butylphenylphosphinoselenoic acid has been determined both in the solution phase and in
the crystalline state. To determine the structure in the solution phase, vibrational absorption and vibrational
circular dichroism (VCD) spectra of the levorotatory enantiometeofbutylphenylphosphinoselenoic acid

have been measured in CQ@Gblution in the 2006-900 cn? region. The conformations for both tautomeric
structures of monomeri§-tert-butylphenylphosphinoselenoic acid are investigated using the B3LYP functional
with the 6-31G* basis set. Vibrational absorption and VCD spectra are predicted for these conformations at
the same level. For the most stable conformation, the geometry, vibrational absorption, and VCD spectra are
also predicted using the B3LYP functional with the aug-cc-pVDZ basis set. Similar investigations were also
carried out for dimeric $-tert-butylphenylphosphinoselenoic acid. A comparison of the predicted spectra
with corresponding experimental spectra in Cp&dllution indicates that«)-tert-butylphenylphosphinoselenoic

acid has thes configuration and exists predominantly as a monomer in one tautomeric structure and one
conformation. The ab-initio-predicted specific rotation also confirms ®)aeft-butylphenylphosphinoselenoic

acid exists as a monomer in chloroform solution and that the absolute configuraBdpn-)s The structure

in the crystalline state has been determined using X-ray diffraction. Although the absolute configuration is
fully supported by the X-ray structure, it is found th&-(ert-butylphenylphosphinoselenoic acid exists in a
crystal as an intermolecularly hydrogen-bonded dimer. This observation suggests that one should be careful
in interpreting the solution-phase data using crystal structures.

Introduction combined studies are hard to find in the literature. With the
development of vibrational optical activitywhich comprises
two independent techniques, namely, vibrational circular dichro-
fism (VCD) and vibrational Raman optical activity (VROA), and
r%pecific rotatioR as reliable techniques for determining the
molecular structures in the solution phase, it is now possible to
verify or establish any significant differences between the crystal
and solution-phase structures. In this article, we present the
structures determined in this manner fert-butylphenylphos-
phinoselenoic acid in both solution and crystalline phases in
order to assess the differences between these structures.

X-ray diffraction represents one of the most commonly used
techniques to determine the structures of molecules wheneve
suitable crystals can be grown. These crystal structures are ofte
used to interpret or generalize the properties of molecules in
other environments, such as the solution phase. It is common
knowledge that the crystal structures are often influenced by
effects such as crystal packing and so forth, but there is no
unique way of defining what the differences would be between
structures in crystalline and solution phases. To establish such
differences and generalize them if possible, it is necessary to
determine the structures independently in both crystalline and The characterization of phosphines has attracted much

solution phases for as many systems as possible. But suchattention in recent years because they are extensively used in
asymmetric and stereoselective synthésidn sharp contrast

* Corresponding author. E-mail: Prasad.L.Polavarapu@vanderbilt. to this, the P-stereogenic phosphinic QCid derivatives containing
edu. Fax: (615) 322-4936. heavy atoms such as sulfur or selenium have been much less
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Figure 1. Tautomeric structures and different conformations $ftért-
structures;a anda' are conformations around the-€P—C,—C; dihedral

butylphenylphosphinoselenoic acid)( A and B are two tautomeric
segment foA; b andb' are conformations around the-€P—C,—C,

dihedral segment foB; al, a2, anda3 are conformations around the=SB—0O—H dihedral segment foA; andbl, b2, andb3 are conformations
around the &P—Se—H dihedral segment foB. The bottom structure is that of the dimer, optimized at the B3LYP/6-31G* level, with thE-O

---Se hydrogen bond depicted by a thin line.

studied although they can be considered to be useful stoichio-

metric and catalytic auxiliaries. For example, the enantiomeric
tert-butylphenylphosphinothioic antert-butylphenylphosphi-

spectroscopic method. It should be noted tteat-butylphen-
ylphosphinoselenoic acid, like secondary phosphine oxides,
phosphites, and phosphorothioategan exist in equilibrium

noselenoic acids could be used as useful chiral solvating agentetween different tautomeric structurésand B (Figure 1).
for the NMR determination of the enantiomeric excesses of a Neither the stability of different tautomeric forms nor the

few optically active organic compounds with stereogenic carbon
or heteroatom§.

tert-Butylphenylphosphinoselenoic acid can be prepared by
reactingtert-butylphenylphosphine oxide with elemental sele-
nium and (GHs)sN or by air oxidation of secondaryert-
butylphenylphosphine selenide (gkC(CsHs)P(Se)H, and it
was resolved into its enantiomers via the salts withi (CgHs)-
CH(CHg)NH,.” (—)-tert-Butylphenylphosphine oxide was earlier
assigned to thé configuration by chemical correlatichand
this assignment was recently confirmed using vibrational circular
dichroism (VCD)? Upon deselenization,H)-tert-butylphen-
ylphosphinoselenoic acid gave-)-tert-butylphenylphosphine
oxide, and on the basis of this observatioh)-{ert-butylphen-
ylphosphinoselenoic acid was assigned toRlwnfigurationa
Analogously, f)-tert-butylphenylphosphinothioic acid was
assigned to th& configuration by chemical correlatic,and
this assignment has been confirmed by VCD spectrosébpy.
The absolute configuration ¢ért-butylphenylphosphinoselenoic

predominant conformation ¢ért-butylphenylphosphinoselenoic
acid has been established.

Vibrational circular dichroism (VCD) is an independent
spectroscopic method that has become a reliable tool for the
determination of the absolute configuration and predominant
conformations of chiral moleculé3In addition, the combination
of ab initio and experimental vibrational spectroscopic methods
can be used to study chemical reactions and elucidate their
equilibrium?3 Ab initio predictions of specific rotation have also
emerged in the past few years as an alternate, independent,
reliable method for determining the molecular structiieere
one predicts the specific rotation for a given configuration with
all plausible conformations at an appropriate ab initio theoretical
level and compares the sign and magnitude of the predicted
values with those of the corresponding experimental value to
establish the structure.

The equilibrium between tautomeric structures and their
dominant conformations has been determinedddrbutylphen-

acid, however, has not yet been confirmed by an independentylphosphine oxide andert-butylphenylphosphinothioic acid
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using theoretical and experimental VCD spetifand specific the experimental values, the ab initio frequencies obtained with
rotation!* Such information is not available feert-butylphen- the 6-31G* basis set were scaled by 0.9613. Specific rotations
ylphosphinoselenoic acid. Here we report the VCD and specific at the DFT and HF levels were calculated using linear response
rotation studies on-()-tert-butylphenylphosphinoselenoic acid theory and gauge including atomic orbitals as implemented in
using state-of-the-art experimental and theoretical predictionsthe DALTON programt8

with the density functional method and different basis sets. From  Crystal and Molecular Structures of the Levorotatory

a comparison of theoretical and experimental data, the structureEnantiomer of tert-Butylphenylphosphinoselenoic Acid The

of chiral tert-butylphenylphosphinoselenoic acid in the solution crystal and molecular structures ef)-(9-tert-butylphenylphos-
phase is elucidated. The structure ef){tert-butylphenylphos- phinoselenoic acid were determined using data collected at room
phinoselenoic acid in the crystalline phase is obtained from temperature on a CAD4 diffractometer with graphite-mono-
X-ray diffraction studies. It is found that whereas all three chromatized Cu K radiation. The compound crystallizes in the
methods used are in agreement with regard to the absoluteorthorhombic system, in space groBg;2:2; with the unit cell
configuration there are significant differences among the consisting of eight molecules. The lattice constants were refined

structures deduced in solution and the crystalline phase. by a least-squares fit of 25 reflections in #heange of 18.98
30.49. The decline in the intensities of three control reflections
Experimental Methods (3,—3,—2;—1,—-4,-7;—2,-5, 1) was 43.8% during 80.2 h

of exposure time. An empirical absorption correction was
applied by the use of the-scan method (EAC progran):2°

A total of 4184 observed reflections with> 0a(l) were used
to solve the structure by direct methods and to refine it by full
matrix least-squarés?2usingF2. Hydrogen atoms for hydroxyl
groups were found on a difference Fourier map. Hydrogens
attached to carbon atoms were placed geometrically at idealized
positions and set as riding with the-El distance free to refine;
for methylene groups, the rotation about the © bond was
also allowed. Anisotropic thermal parameters were refined for
all non-hydrogen atoms; all H atoms were refined isotropically.

The final refinement converged B= 0.0391 for 293 refined
parameters and 3489 observed reflections with 20(1). The
absolute configuration at the chiral atom was establish&izas
The absolute structure was determined by the Flack méthod
with the resulty = —0.01(4). Data corrections were carried out
with the Enraf-Nonius SDP crystallographic computing pack-
agel® the structure solution SHELX3, and the structural
refinement SHELXL??

We have deposited all crystallographic data for this structure
in the Cambridge Crystallographic Data Ceritte.

General. NMR spectra were recorded at 200 MHz. Polari-
metric measurements were made on a Perkin-Elmer 241M
photopolarimeter.

Racemic and Enantiomerictert-Butylphenylphosphinose-
lenoic Acid. Racemictert-butylphenylphosphinoselenoic acid
was prepared by the addition of elemental selenium to racemic
tert-butylphenylphosphine oxide in the presence of triethyl-
amine’ The crude triethylammonium salt of the acid formed
was converted to the free acid via acidification of its aqueous
solution with dilute hydrochloric acid. The acid formed was
extracted with chloroform, and the solution was dried with
anhydrous magnesium sulfate. After the evaporation of the
solvent, puretert-butylphenylphosphinoselenoic acid was ob-
tained.XH NMR (CDCl) &: 1.15 (d,J = 18.1 Hz, 9H), 7.27
7.47 (m, 3H), 7.357.83 (m, 2H).3P NMR (CDCEk) ¢6: 97.8
(sidebandgpzi-se77= 739 Hz). Enantiomers dért-butylphen-
ylphosphinoselenoic acid were isolated via its diastereomeric
salts with each enantiomer afmethylbenzylamine. Particular
enantiomers were liberated from the corresponding salts by
acidification with hydrochloric aci# and exhibited the follow-
ing optical rotations: the dextrorotatory enantiomegp[= +51
(c = 1.77, CHC}); the levorotatory enantiomea]p = —50.2 . .
(c = 2.06, CHCY). The spectral datdlll and3P NMR) were ~ Results and Discussion
identical to those recorded for racent&rt-butylphenylphos- Vibrational Circular Dichroism Studies. The geometries
phinoselenoic acid. were optimized at the B3LYP/6-31G* level using standard

Measurements.The infrared and VCD spectra were recorded dihedral angles of 0, 60, 120, 180, 240, or 3@6r the G—
on a commercial Fourier transform VCD spectrometer. The P—C,;—C, segment (where iGs the central carbon atom of the
VCD spectra were recordedrf8 h at4-cnmi ! resolution. Spectra  tert-butyl group, see Figure 1) for the two tautomeric structures
were measured in CDgolvent at 0.172 M and at a path length  of (S)-tert-butylphenylphosphinoselenoic acid. These starting
of 200um. Spectra for €)-tert-butylphenylphosphinoselenoic  geometries converged to two conformations for each of the two
acid have also been collected in CRGblvent at 0.086 and  tautomeric forms, differing in dihedral angles fot-P—C;—
0.043 M. The sample was held in a variable-path-length cell C, segment4 anda’ for tautomeric structuré; b andb’ for
with BaF, windows. In the presented absorption spectra, the tautomeric structur8) as shown in Figure 1. However, because
solvent absorption was subtracted. In the presented VCD spectrapf the symmetry of the benzene ring, the two conformations
the raw VCD spectrum of the solvent was subtracted. based on the dihedral anglé-&>—C,—C; for each tautomeric

Calculations. The ab initio vibrational frequencies, absorp- structure have the same energies, and they cannot be distin-
tion, and VCD intensities forg)-butylphenylphosphinoselenoic  guished. Keeping thet€ P—C;—C, segment in the gauche plus
acid were calculated using the Gaussian 98 prodfaifhe (labeleda and b) conformation, the stability of the resulting
calculations used density functional theory with a Becke-%tyle three conformations based on the difference in the dihedral
B3LYP hybrid functional and 6-31G*, 6-311G (2d,2p), and aug- angles H-O—P=Se and H-Se-P=0 of formsA andB was
cc-pVDZ basis set& The B3PW91 functional and 6-31G* and  studied &1, a2, a3, b1, b2, andb3 in Figure 1). Only one stable
6-311G (2d,2p) basis sets were also used in calculations, butconformationa2 is obtained for tautomeric structuee al and
the results were not improved. The procedure for calculating a3 conformations converged ta2 (possibly because of the
the VCD intensities using DFT theory is due to Cheeseman et interaction between the hydroxyl hydrogen atom and the

all” as implemented in the Gaussian 98 progfanThe benzene ring and selenium). For tautomeric strucBjréhree
theoretical absorption and VCD spectra were simulated with stable conformations are obtained. The converged dihedral
Lorentzian band shapes and a 5=@rfull width at half-height. angles, optimized electronic energies, Gibbs energies, and

Because the ab initio-predicted band positions are higher thanrelative populations are listed in Table 1. Tautomeric fagkm
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TABLE 1: Conformations and B3LYP/6-31G* Energies of Monomeric (S)-tert-Butylphenylphosphinoselenoic Acid

dihedral angles energy AE¢ pope
labeP D; D, D3 D4 electronic Gibbs (kcal/mol) (%)
a2 gt 102.0 —26.5 —151.3 —18.4 —3206.112484 —3205.922812 0 97.6
b3 gg- 88.2 —18.4 —145.7 49.7 —3206.105601 —3205.919050 24 1.9
b1 gt 72.4 —38.8 -162.7 —56.1 —3206.103462 —3205.917785 3.1 0.5
b2 gg 99.5 —14.0 —135.0 —160.0 —3206.100941 —3205.913916 5.6 0

2 See Figure 1 for the labelgDihedral angles are in degreds; stands for €-P—C;—C,; D,, for C,—C;—P—Se; andDs, for C,—C;—P—0.
D, stands for SeP—O—H for tautomeric formA, and O-P—Se—H stands for tautomeric forrB. ¢ In hartreesd Relative energy difference in
kcal/mol. ® Population percentage based on Gibbs energies.
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Figure 2. Comparison of the experimental absorption spectra of

enantiomeridert- butylphenylphosphinoselenoic acid @0.17 M in Figure 3. Comparison of the experimental VCD spectra of enantio-

CDCl; solution (top two traces) with the predicted absorption spectra Meric tert- butylphenylphosphinoselenoic acid a0.17 M in CDCh
(bottom four traces) of stable conformations of Beonfiguration solution (top two traces) with the predicted VCD spectra (bottom four

(structure and conformation labels in Figure 1) obtained with different traces) of stable conformations of teconfiguration (structure and
basis sets. The trace labeled “Pred” (third from top) is the population- conformation labels in Figure 1) obtained with different basis sets. The

weighted spectrum, with populations given in Table 1. Bands1D trace labeled “Pred” (third from top) is the population-weighted

and 14, marked with astreisks, are expected to be influenced by SPECtrum, with populations given in Table 1. Bands-1@ and 14,
intermolecular hydrogen bonding in solution. marked with asterisks, are expected to be influenced by intermolecular

hydrogen bonding in solution.

has a much lower energy than tautomeric f@nOn the basis
of the relative populations, the equilibrium constant is predicted bands in the predicted spectrum (B3LYP/6-31G*) for conforma-
to be ~0.025 for the equilibrium between two tautomeric tion a2 show a one-to-one correspondence with the absorption
structures ofert-butylphenylphosphinoselenoic acid. Thus, for bands in the experimental spectrum, but the following differ-
isolated monomericgj-tert-butylphenylphosphinoselenoic acid, ences are to be noted. (a) The predicted relative intensities of
the predominant tautomeric structuredisand the conformation  the bands for conformatioa2 in the range from 1100 to 900
is a2. cm~! are much larger than those of the corresponding bands in

The converged tautomeric forms were found to have potential the experimental spectra, and the band positions in the predicted
energy minima (i.e., all vibrational frequencies are real) at the spectrum are much lower than those in the experimental spectra
B3LYP/6-31G* level. The absorption and VCD intensities were in this region. (b) The relative intensity of the band at 1166
calculated fora2, b3, andbl conformations at the B3LYP/6-  cm ! (no. 10) in the experimental spectrum is much larger than
31G* level. The predicted absorption and VCD spectra were that in the predicted spectrum. (c) The bands at 1078 (no. 11)
simulated with 5-cm? half widths and Lorentzian band shapes. and 1039 (no. 12) cnt in the predicted spectrum are more
The theoretical spectra for the predominant conformaéan separated from each other than those in the experimental
can be compared to the experimental spectra in Figures 2 andspectrum. Except for these differences, the experimental spectra
3. in CDCls solution are considered to be in reasonable agreement

The experimental absorption spectra obtained for 0.17 M with the predicted absorption spectrum for conformataih
CDCl; solution are shown in Figure 2, where the absorption On the basis of vibrational assignments, some bands in the
spectrum of the solvent has been subtracted. The absorptiorregion from 1200 to 900 cnd (marked with asterisks in Table
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TABLE 2: Comparison of Predicted Frequencies for
Monomeric tert- Butylphenylphosphinoselenoic Acid with the
Observed Frequencies and Vibrational Assignments

exptP calcd’ prede calcd'f

labef (cm™) (cm™) (cm™) (cm™) assignments

1 1476.6 1504.9 1493.0 1553.1 CH3 def

2 1459.5 1488.2 1471.6 1530.8 CH3 def,
CH bending

3 1437.6 1453.3 1425.6 1483.0 ring def.,
CH bending

4 1493.5 1418.7 1402.8 1459.3 CH3 def.

5 1364.5 1387.2 1371.7 1426.9 CH3 def.

6 1311.3 1349.9 1314.8 1367.7 ring def.,
CH bending

7 1279.9 1320.6 1283.4 1335.1 ring def.,
CH bending

8 12145 1206.9 11859 1233.7 CH3wag,
C—P stretching

9 1188.9 1200.2 1175.3 1222.6 ring-@ bending

10* 1166.3 1162.6 1209.4 PO and P-C
stretching,
CH3 wag

11*  1117.2 1111.8 1078.2 1121.6 —E stretching,
POH bending,
and ring def.

12*  1111.2 1068.2 1038.7 1080.5 POH bending,
CH3 wag.

13 1100.5 1031.8 1010.7 1051.4 CH3wag

14* 1072.6 1027.7 1004.2 1044.6 CH3wag, POH bending

Wang et al.
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a2 These numbers are derived from those in Figure 2; asterisks denote,:igure 4. Comparison of the experimental absorption and VCD spectra

bands that are expected to be influenced by the formation of
intermolecular hydrogen bondsExperimental wavenumbers obtained
from the absorption spectrum at a concentration-6f17 M. ¢ Band
positions from the simulated spectra of conformat@tbased on the
B3LYP/aug-cc-pVDZ calculation given in Figure 2. Band 10 is not
listed because the B3LYP/aug-cc-pVDZ calculation was not done for
conformerb3. 4 Band positions from the simulated spectra based on
B3LYP/6-31G* calculations given in Figure 2Ab initio wavenumbers
scaled with 0.96f Unscaled ab initio wavenumbesDeduced from
GaussView (version 2.1) based on the B3LYP/6-31G* calculations.

2 and Figures 2 and 3) are attributed t&®@ stretching (from
conformationsb3 and bl) or POH bending vibrations (from
conformationa?). The formation of intermolecular hydrogen
bonds could make these bands shift to higher frequencies in

of (—)-tert-butylphenylphosphinoselenoic acida0.17 M in CDC}
solution with the predicted spectra for the monomegconformation
and dimer, both with thé& configuration (structure and conformation
shown in Figure 1), obtained with the B3LYP/6-31G* basis set.

To consider the influence of intermolecular hydrogen bonding
and the resulting dimers, investigations were also undertaken
on the dimeric form of (S}ert-butylphenylphosphinoselenoic
acid (Figure 1). The geometry of the dimer was fully optimized
at the B3LYP/6-31G* level. The ©H---Se distance in the
optimized structure of the isolated dimer is 2.302 A. Vibrational
absorption and VCD spectra were calculated at this optimized
geometry using B3LYP/6-31G* theory. These spectra are
compared to the experimental spectra and predicted monomer

the solution phase. The differences between experimental andspectra in Figure 4. For the isolated dimer, B3LYP/6-31G*

theoretical frequencies can arise from such hydrogen bonding
effects in the experimental data or from the inadequacy of the
basis set used (vide infra).

The experimental VCD spectra obtained for 0.17 M CPCI
solution are shown in Figure 3, where the VCD spectrum of
the solvent has been subtracted. The significant VCD bands in
the experimental VCD spectrum of-§-tert-butylphenylphos-
phinoselenoic acid are a positivaegative-positive triplet with
a positive maximum at 1477 (no. 1) cfya negative maximum
at 1460 (no. 2) cmt, a positive band at 1438 (no. 3) ciand
positive-negative couplets at 1117 (no. 11) and 1111 (no. 12)

calculations predict a Gibbs energy-66411.858986 hartrees,
which translates t6-3205.929493 hartrees/monomer unit and
is lower than the monomer energies listed in Table 1. Thus, the
dimer is energetically favored over the monomer in vacuum.
However, these calculations did not include the solvent influ-
ence, so the situation in CD{3olution can be different. From
the comparison of predicted and experimental spectra, shown
in Figure 4, it can be seen that the predicted dimer spectra differ
significantly from the experimental spectra. In the predicted
absorption spectrum for the dimer, there are three strong
absorption bands in the 1250050-cnt! region. The experi-
mental absorption spectrum in the same region shows only one

cm*. The same features are seen in the predicted VCD spectruMgirong band at 1111 cri. As a result, it is unlikely that dimers

for the (9-tert-butylphenylphosphinoselenoic acid except that
(@) the bands in 1166900 cnt?! region are more prominent in
the predicted VCD spectrum, (b) bands at 1117 (no. 11) and
1111 (no. 12) cm! are closer to each other in the experimental
VCD spectrum, and (c) the positive band corresponding to the
predicted positive band at 1004 ci(no. 14) is not evident in
the experimental VCD spectrum. These observations point to
the influence of possible hydrogen bonding effects in the

are dominant in CDGlsolution at the concentrations used.

The positions and intensities of the bands in the B3LYP/6-
31G* predicted absorption and VCD spectra of conformation
b3 do not match those experimentally observed (Figures 2 and
3). However, the larger relative intensity observed at 1166'cm
(no. 10) in the experimental absorption spectrum suggests that
either tautomeric structu® or the dimer or both are probably
present in solution (more than that predicted for isolated

experimental spectra or to the inadequacy of the basis set usednolecule; see Table 1) because this band can be attributed to

in the calculations.

conformationsb3 or bl or the dimer (Figures 2 and 4). From
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the absorption spectra collected at different concentrations TABLE 3: Comparison of the Specific Rotation Predicted
(0.043-0.172 M), we note that the relative intensity of this band fOL (S)-tecli’t-g»utyl_?hel:r;ylphosphlnoselenom Acid with the
decreases as the concentration increases. No other obviou$£2S€"ved Specific Rotation

changes have been observed with changes in concentration. In
the structure of conformatioa2, the Se, P, O, and H atoms are

HF/6-31G* B3LYP/6-31G* 6-311-+G(2d,2p} exptl

B3LYP/

almost in the same plane, suggesting that the interaction betweemonomer —56 —84
Se and H atoms is significant. At dilute concentrations, the dimer

interaction between Se and H atoms may favor the formation

—287

—415

—70 —50

a2 The calculation for the dimer at this level could not be undertaken

of tautomeric structur®, whose presence is indicated by the because of the large number of basis functions involved.

presence of band 10 in the experimental absorption spectrum.

At higher concentrations, the intermolecular hydrogen bonding TABLE 4: Crystal Data and Experimental Details

influence appears to favor tautomeric structéréas evidenced

by the decrease in absorption intensity of band 10 at higher
concentrations). Although tautomeric structBreppears to be
more populated than that predicted for isolated molecule (Table
1), tautomeric structurd is still the most predominant one in
CDCl; solution.

The discussion presented above for predicted spectra pertains
to those obtained at the B3LYP/6-31G* level. To investigate
the influence of the basis set on the observed differences
between experimental and predicted spectra, calculations for
conformationa2 were also undertaken with larger basis sets,
6-311G(2d,2p) and aug-cc-pVDZ, using the same functional.
The B3PW91 functional was also used in the calculations. The
geometry of the2 conformation was optimized with these basis
sets, and vibrational absorption and VCD spectra were obtained
at the optimized geometry. However, except for the calculations
using B3LYP/aug-cc-pVDZ, the results from other calculations
are not significantly different from those of B3LYP/6-31G*
calculations. The results obtained from the B3LYP/aug-cc-
pVDZ calculation are presented, along with B3LYP/6-31G*
results, in Figures 2 and 3. As can be seen in Figures 2 and 3,
the band positions obtained in the B3LYP/aug-cc-pVDZ cal-
culation are in better agreement with experimental band
positions, but the overall spectral pattern did not change
significantly in this calculation. It appears that the B3LYP/aug-
cc-pVDZ calculation provides a better prediction of experimental
vibrational band positions.

It is somewhat unusual that the difference between observed
and B3LYP/6-31G* calculated frequencies is rather large in the
1100-900-cnT? region for this molecule. The same observation
was also noted faert-butylphenylphosphinothioic acid.Thus,
it appears that for phosphorus compounds that contain heavy
atoms it is necessary to use very large basis sets, such as aug-
cc-pVDZ, to achieve better agreement between calculated and
observed vibrational band positions.

Because the VCD sign pattern predicted for the monomeric

molecular formula @H1s0PSe
formula weight 261.15
crystallographic system orthorhombic
space group P212:2;
a(h) 6.5958(6)
b (A) 17.225(3)
c(A) 21.182(4)
V (A3) 2406.6(6)
8
D. (g/cn®) 1.442
u [mm™] 5.183
crystal dimensions (mm) 0.150.20x 0.6
maximum 2 (°) 139.96
radiation,A (A) CuKa, 1.54184
scan mode l20
scan width (deg) 0.75 0.14 tand
hkl ranges: h=0-8
k=-21-0
| =—26—-26
EAC correction: min. 0.8129
max. 0.9997
ave. 0.9273
DECAY correction: min. 1.00019
max. 1.33404
ave. 1.14343
no. of reflections: unique 4551

no. of parameters refined

with | > 0o(l) 4184
obsd withl > 26(1) 3489
293

largest diff. peak (e A3) 0.389
largest diff. hole (e A3) —0.448
shift/esd max 0.001
Robs 0.0391
WRobs 0.0937
Sobs 1.096
weighting coeff: m0.0549
n 0.0000
Rint 0.0275
meas 293(2)
F(000) 1056
absolute structure S
flack parametey —0.01(4)

a2 conformation of §)-tert-butylphenylphosphinoselenoic acid  + 2Fc?).

matches that observed for-)-tert-butylphenylphosphinosele-
noic acid, these results indicate that){tert-butylphenylphos-

aWeighting schemes = [04(F¢?) + (mP)2 4 nP]~* whereP = (Fo?

phinoselenoic acid exists as a monomer in dilute GDCI

The observed specific rotation in chloroform solution-50.
These data indicate that the magnitude of the predicted specific

solutions and that its absolute configuration can be assigned asotation for dimeric §)-tert-butylphenylphosphinoselenoic acid

9-(-).

Specific Rotation Studies.To analyze the structure ¢ért-
butylphenylphosphinoselenoic acid further, the specific rotation
[a]p was predicted ab initio and compared to the experimental
rotation (Table 3). Using the B3LYP/6-31G* optimized structure
for the a2 conformation of monomeric§j-tert-butylphenylphos-
phinoselenoic acid, thex]p values predicted at the HF/6-31G*,
B3LYP/6-31G*, and B3LYP/6-311+G(2d,2p) levels are,
respectively;-56,—84, and—70. The specific rotation predicted
for dimeric (§-tert-butylphenylphosphinoselenoic acid, using
the B3LYP/6-31G*-optimized geometry of the dimer,+287
at the HF/6-31G* level and-415 at the B3LYP/6-31G* level.

deviates significantly from the experimental specific rotation.
The predicted specific rotation for the monomeiconforma-

tion of (9-tert-butylphenylphosphinoselenoic acid is in close
agreement with the experimentally observed specific rotation.
Thus, specific rotation studies support the conclusions derived
from VCD studies that in chloroform solutio®)¢tert-butylphen-
ylphosphinoselenoic acid exists predominantly in its monomeric
form and its absolute configuration iS){(—).

Crystal and Molecular Structures of (—)-tert-Butylphen-
ylphosphinoselenoic Acid.Crystal data are given in Table 4.
The X-ray crystal structure determination, which was carried
out on a single crystal of the levorotatory enantiomer by
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Figure 5. Thermal ellipsoidal view with the atom numbering scheme
of the (~)-(S-tert-butylphenylphosphinoselenoic acid molecules. El-
lipsoids are shown with 50% probability.

candlean ““peso
csbihcob C3aRcso
v CGb}[mb C20piClo
C C8a
Qo selo} C7g -

Pla

Figure 6. Crystal-packing diagram of«)-(9)-tert-butylphenylphos-
phinoselenoic acid.

anomalous dispersion, unequivocally revealed that the absolute

configuration at the stereogenic phosphorus atorm-RYis S
which is clearly shown in Figure 5. The unit cell bfconsists

of eight molecules that form in the crystal lattice four pairs of
dimers stabilized by the intramolecular hydrogen bonds via the
0O1,—H14----Sel, and O}—H1,-----Sel, interactions (Figure

6). The O-H-----Se distances are equal to 2.33(12) A. The
absolute configuration deduced from X-ray studies confirms that
deduced from VCD and specific rotation studies. However, it

Wang et al.

along the P--P connecting line, the two phenyl rings are seen
to be staggered. (The,e-P-:-P—Cyn dihedral angle is- —46°,

the P+-P distance is 4.56 A, and thg&-Cpn distance is 5.08
A.) These differences between isolated and crystalline dimer
structural parameters point to significant packing effects in the
crystalline state.

Conclusions

All three methods used, namely, VCD, specific rotation, and
X-ray diffraction, conclude independently that)ttert-bu-
tylphenylphosphinoselenoic acid is of tBeonfiguration. The
assignment of absolute configuration is in agreement with the
literature®2 Tautomeric structuré\ with conformationa?2 is
dominant for ()-tert-butylphenylphosphinoselenoic acid in
CDCl; solution. Evidence for a minor proportion of tautomeric
structureB in CDCls solution is present in the absorption spectra,
but there is no evidence of the predominance of dimers in
solution. This is in contrast to the solid-state structure, where
X-ray diffraction data clearly show the presence of dimers. The
structure of the isolated dimer, as predicted by the B3LYP/6-
31G* calculation, is significantly different from that in the
crystalline state, reflecting the dominance of packing effects
over m—x interactions between the phenyl groups. These
differences underline the importance of determining both
solution- and crystalline-phase structures of a given molecule
independently.
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