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ABSTRACT: The absolute configuration and conformations of (−)-tert-
butylphenylphosphinoamidate were determined using three different chirop-
tical spectroscopic methods, namely vibrational circular dichroism (VCD),
electronic circular dichroism (ECD), and optical rotatory dispersion (ORD).
In each of the spectroscopic methods used, experimental data for the
(−)-enantiomer of tert-butylphenylphosphinoamidate were measured in the
solution phase. Using the concentration-dependent experimental infrared
spectra, the existence of dimers in the solution was investigated, and the
monomer−dimer equilibrium constant was determined. Concomitant
quantum mechanical predictions of the VCD, ECD, and ORD for monomeric tert-butylphenylphosphinoamidate were carried
out using density functional theory (DFT) calculations using the B3LYP functional and the 6-31G(d), 6-311G(2d,2p) and aug-cc-
pVDZ basis sets. Similar predictions for dimeric tert-butylphenylphosphinoamidate were also obtained using the B3LYP/6-31G(d)
method. A comparison of theoretically predicted data with the corresponding experimental data led to the elucidation of the absolute
configuration as (−)-(R)-tert-butylphenylphosphinoamidate with one predominant conformation in the solution. This conclusion
was independently supported by X-ray analysis of the complex with (+)-R-2,2′-dihydroxy-1,1′-binaphthol ((+)-R- BINOL).

■ INTRODUCTION

Over the past decade, a diverse assortment of chiral
phosphorus reagents has been identified,1−5 which subse-
quently resulted in substantial progress in application of these
reagents in a variety of stoichiometric and catalytic versions of
asymmetric and stereoselective synthesis. Within the rich
family of phosphorus compounds, phosphonic amides or
phosphinamides were identified as particularly useful
reagents.6−9 A series of phosphinamides was reported,3a,b

which act as novel catalysts for the asymmetric reductions of
ketones by borane. These studies indicated that phosphina-
mides act as Lewis bases that activate borane and effectively
accelerate the reduction through the donation of electron
density. Li and co-workers reported4a,b a similar class of
phosphinamides, derived from L-amino acids, which facilitate
the synthesis of chiral secondary alcohols in excellent chemical
yields and a moderate to high enantiomeric excess. Further,
Sorensen et al. recently reported10 the design and synthesis of
novel cyclic phosphinamide derivatives, which act as potent
matrix metalloproteinase inhibitors and thus could be
considered as possible drug candidates for the treatment of
diseases such as multiple sclerosis, osteoarthritis, and psoriasis
as well as tumor growth and metastasis. Chan et al.11 suggested
the use of phosphinic amides to modulate the activity of the
endothelin family of peptides, which is responsible for causing
vasoconstriction. This modulation potentially allows the

treatment of endothelin-mediated disorders. Lin et al.
described12 the synthesis of bis(aziridinyl)phosphinic amide
derivatives of thymidine and suggested their potential
application as anticancer agents. The recognition of
phosphinamides as compounds of importance, both as
synthetic auxiliaries and bioactive reagents, has attracted
attention to the synthesis and characterization of these
compounds.
From the literature cited in the previous paragraph, it is

evident that chiral phosphinamides have demonstrated a
potential for versatile applications as synthetic reagents as
well as compounds of interest for biologically relevant use. The
effectiveness and application of any chiral compound can be, to
a significant extent, determined by its absolute configuration
and stable conformation. In this manuscript, we report the
determination of the absolute configuration and conformations
of (−)-tert-butylphenylphosphinoamidate 1 (Figure 1) by
three different chiroptical spectroscopic methods, namely
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vibrational circular dichroism (VCD), electronic circular
dichroism (ECD), and optical rotatory dispersion (ORD).
This determination was independently supported by X-ray
analysis of its complex with a dextrorotatory enantiomer of
BINOL. The monomer−dimer equilibrium of 1 in the solution
state was also investigated, and the equilibrium constant was
determined. The tautomers and conformers of 1 were also
investigated, and the predominant tautomer and its con-
formation were determined.

■ RESULTS AND DISCUSSION
Monomer−Dimer Equilibrium in Solution. To deter-

mine the absolute configuration of a chiral molecule, it is first
necessary to establish its predominant conformations. In
addition, for molecules that have a propensity for dimer
formation, the monomer−dimer equilibrium needs to be
investigated. For 1, intermolecular hydrogen bonding can
occur through its oxygen atom and the hydrogen atoms of the
primary amine group.
For the equilibrium between the monomer, A, and the

dimer, A2, the following relations apply:13

+ ⇔A A A2 (1)
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where Cm and Cd represent the equilibrium concentrations of
monomer and dimer, respectively; Co represents the
concentration of the sample; and K stands for the
monomer−dimer equilibrium constant. Using eqs 1−3, the
integrated absorbance of the ith band of the monomer, Am,i =
Cml∫ εm,i(v) dv, becomes

ε=A P C li im, m o m, (4)

where εm,i = ∫ εm,i(v) dv represents the integrated molar
absorptivity of the ith band of the monomer, l is the path
length used, and Pm is the fractional population of the
monomer given as
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Nonlinear least-squares fitting of the integrated absorbance
of individual bands of monomer, Am,i, with Co provides the
equilibrium constant K and hence the fractional population of
the monomer at a given concentration Co. The dimer
population is then obtained as 1 − Pm.
The vibrational absorption (VA) spectra were measured

(Figure 2) at five different concentrations in the 0.84−0.05 M
range. In Figure 2, the band at 1570 cm−1 (labeled as VII) can
be associated with the presence of the dimer, as the intensity of

this band evolves when the concentration increases. The well-
resolved bands I−V can be associated with the monomer. The
concentration-dependent integrated area of each of these five
bands was determined by fitting the individual bands to
Lorentzian band profiles with the PeakFit14 program. The
integrated band areas were used with eqs 4 and 5 for nonlinear
least-squares fitting using KaleidaGraph.15 The average K value
obtained from these five monomer bands (bands I−V) is 0.44
(±0.11). The uncertainties resulting from the spectral fitting
process used in the PeakFit program can be avoided by
considering the area of a larger region that contains only the
monomer bands. By summing eq 4 over the monomer bands,
one obtains
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where the summation i runs over the monomer bands. The
area in the 1518−1348 cm−1 range was used for nonlinear
least-squares fitting using eq 6 (see Figure 3). The K value

determined in this manner is 0.34 (±0.05). At the
concentration used for the VCD studies (0.17 M), this K
value corresponds to 90% monomer and 10% dimer
populations. At the lower concentrations used for ECD
(0.027 M) and ORD studies, the dimer population (∼2%) is
negligible.

Conformations of the Monomer. Monomer conforma-
tions of 1 were explored by considering three rotatable bonds
(labeled as A, B, and C in Figure 1). The atom numbers for
defining the dihedral angles associated with these rotatable

Figure 1. Chemical structures of tert-butylphenylphosphinoamidate 1.

Figure 2. Concentration-dependent (0.84−0.05 M) VA spectra of 1.

Figure 3. Nonlinear least-squares fitting of the total area underneath
bands I−V as a function of the concentration using eq 6.
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bonds are included in Figure 1. Bond A corresponds to the
dihedral angle D(4,3,12,13) and is associated with the phenyl
group. A potential energy scan was performed by varying
D(4,3,12,13) in 30° increments. Bond B corresponds to the
dihedral angle D(18,17,12,13) and is associated with the tert-
butyl group. Since the tert-butyl group has three equivalent
methyl groups, a single 60° rotation was sufficient for exploring
the conformational mobility around bond B. Bond C is
associated with the primary amine group and dihedral angle
D(15,14,12,13). This dihedral angle was incrementally varied
five times, 60° at a time. The geometry optimization was
carried out using a B3LYP functional with the 6-31G(d) basis
set and resulted in two distinct conformations, which are given
in Figure 4.

The electronic energy difference between the two optimized
conformers is approximately 3 kcal mol−1, with conformation 1
being significantly more stable than conformation 2. The
minimum energy conformation obtained with the 6-31G(d)
basis set was also optimized using the 6-311G(2d,2p) and aug-
cc-pVDZ basis sets. A comparison of the converged values for
the three relevant dihedral angles and electronic energies is
displayed in Table 1.
The equilibrium between two tautomeric structures, 1a and

1b, (Figure 5) was also investigated as was done for phosphine
oxide,1a phosphinothioic acid,1b and phosphites.16 In addition
to the possible conformations of tautomer 1a discussed earlier,
the conformations of 1b were investigated by varying the
dihedral angles associated with the phenyl and tert-butyl
groups. Tautomer 1b also exhibits two minimum energy
conformations, one of which is considerably more stable than
the other. The comparison of electronic energies obtained for
the minimum energy conformers of 1a and 1b indicates that 1a
is significantly more stable than 1b.
The lowest energy conformation of tautomer 1a with the

(S)-configuration was used for calculating VA, VCD, ECD, and
ORD using the B3LYP functional with the 6-31G(d), 6-
311G(2d,2p), and aug-cc-pVDZ basis sets. From the calculated
vibrational frequencies, the conformation considered was

found to represent the minima on the potential energy surface
as there are no imaginary frequencies. To obtain the theoretical
data for (R)-1a, the magnitudes of the calculated VCD, ECD
and ORD values for (S)-1a were multiplied by −1.

Conformations of the Dimer. Conformations of the
dimer can be investigated either by assembling dimeric
structures or through molecular dynamics simulations, as
recently was done for pantolactone by Ghidinelli et al.17 Owing
to the minor contributions from the dimer in the present case,
we opted to use the former approach.
Dimer conformations of 1a were explored by considering all

possible orientations of the two monomer units between which
intermolecular hydrogen bonding can occur. As displayed in
Figure 6, the amine hydrogen spatially closer to the phenyl ring
was designated as “ph”, and the amine hydrogen spatially
closer to the tert-butyl group was designated as “t-b”.
The two monomeric units were oriented in three different

ways toward each other to produce three different dimer forms.
The B3LYP/6-31G(d) energies of the optimized geometries of
these three forms indicated that the populations of dimers
given in panels A, B, and C of Figure 6 are 21%, 26%, and 53%,
respectively. These values were used to obtain the population-
weighted VA and VCD spectra of the dimer. The predicted
dimer spectra were overlaid with the monomer spectra at the
B3LYP/6-31G(d) level for a comparison with the experimental
spectrum in Figures 7 and 8.

Comparison of the Experimental and Predicted
Spectra. The comparison between the experimental and
predicted VA spectra is shown in Figure 7, while the
comparison of the VCD spectra is shown in Figure 8. The
theoretical VCD spectra displayed in Figure 8 correspond to
(R)-1a, while the experimental spectrum is given for the (−)-1
enantiomer. In both Figures 7 and 8, the theoretical spectrum
at the B3LYP/6-31G(d) level is given as overlaid monomer
(90%) and dimer (10%) traces. As can be seen from Figure 7,
the experimental VA band with the largest intensity at 1171
cm−1 corresponds to theoretical bands at 1166, 1176, and 1159
cm−1 in the 6-31G(d), 6-311G(2d,2p), aug-cc-pVDZ predicted
spectra, respectively. In the frequency region below the highest

Figure 4. Structures of the two stable monomer conformations of 1.
Conformation 1 is significantly more stable than conformation 2.

Table 1. B3LYP-Optimized Dihedral Angles and Electronic Energies for (S)-1a

converged dihedral anglesa (°)

basis set D(4, 3, 12, 13) D(18, 17, 12, 13) D(15,14,12, 13) electronic energies (hartrees)

6-31G(d) conformation 1 −19.5 −63.1 −64.3 −862.0747606
conformation 2 158.3 −175.3 −34.8 −862.0700732

6-311G(2d,2p) conformation 1 −19.4 −61 −64.5 −862.2817658
aug-cc-pVDZ conformation 1 −19 −62.5 −64 −862.1527717

aThe atom labels are given in Figure 1.

Figure 5. Equilibrium between the two possible tautomers of 1. The
electronic energy of the most stable conformation of 1b (−862.0384
hartree) is ∼20 kcal mol−1 higher than that of 1a (−862.0747606
hartree).
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intensity band, three VA bands are correlated between the
theoretical and experimental spectra. The experimental band at
1117 cm−1 corresponds to the predicted modes at 1087, 1093,
and 1116 cm−1 obtained with the 6-31G(d), 6-311G(2d,2p),
and aug-cc-pVDZ basis sets, respectively. The experimental
band at 1072 cm−1 corresponds to the predicted modes at
1065, 1063, and 1093 cm−1 obtained with the 6-31G(d), 6-
311G(2d,2p), and aug-cc-pVDZ, basis sets, respectively.
Finally, the experimental band at 1014 cm−1 corresponds to
theoretical bands at 1011, 1010, and 1035 cm−1 obtained with
the 6-31G(d), 6-311G(2d,2p), and aug-cc-pVDZ basis sets,
respectively. In the frequency region between ∼1200 and 1700
cm−1, seven bands exhibit correspondence between the
experimental and theoretical spectra. Specifically, the exper-
imental bands at 1217, 1365, 1396, 1439, 1463, 1477, and
1556 cm−1 (with a shoulder at 1603 cm−1) correspond to 6-
31G(d) predicted bands at 1205, 1371, 1400, 1426, 1474,
1492, 1580 cm−1; the 6-311G(2d,2p) predicted bands at 1204,

1362, 1390, 1428, 1464, 1483, and 1557 cm−1; and the aug-cc-
pVDZ predicted bands at 1222, 1388, 1418, 1454, 1488, 1506,
and 1586 cm−1, respectively. Figure 7 indicates a fairly good
reproduction of the relative intensities of the correlated bands,
especially in the ∼1200−1000 cm−1 region. Even though
positions of the predicted and corresponding experimental
vibrational bands differ quantitatively, an overall satisfactory
one-to-one qualitative agreement reinforces the conclusion
that the theoretically considered monomer conformation is the
predominant solution conformation. Three notable VCD
signals can be correlated between the experimental and
monomer-predicted spectra. The positive experimental band
at 1018 cm−1 corresponds to the positive bands at 1014, 1013,
and 1038 cm−1 predicted with the 6-31G(d), 6-311G(2d,2p),
and aug-cc-pVDZ basis sets, respectively. Another positive
experimental band at 1153 cm−1 appears to correspond to the
positive bands at 1166, 1176, and 1159 cm−1 predicted with
the 6-31G(d), 6-311G(2d,2p), and aug-cc-pVDZ basis sets,

Figure 6. Theoretical structures of the three stable dimer conformations (A, B, and C) of 1. The populations of the conformers in panels A, B, and
C are 21%, 26%, and 53%, respectively.

Figure 7. Comparison of the experimental VA spectrum with the predicted VA spectra of 1. Spectra are shifted upward for clarity. At the 6-31G(d)
level, the following two traces are overlaid: a thin line corresponding to the monomer spectrum (90%) and a thick dashed red line corresponding to
the dimer spectrum (10%).
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respectively. A pair of closely spaced bisignate bands at
(+)1198/(−)1217 cm−1 in the experimental spectrum
corresponds to those at (+)1191/(−)1205 and at (+)1184/
(−)1205 cm−1 in the 6-31G(d) and 6-311G(2d,2p) predicted
spectra, respectively. The aug-cc-pVDZ basis set also shows
this pair but with a smaller intensity, with the negative
component at 1233 cm−1.
The missing correlations between the experimental and

predicted monomer VCD bands are found in the dimer VCD
spectrum. Specifically, a pair of closely spaced bisignate bands
at (−)1114/(+)1118 cm−1 in the experimental spectrum
corresponds to those at (−)1122/(+)1130 cm−1 in the
B3LYP/6-31G(d) predicted spectrum of the dimer. Also, the
negative experimental band at 1173 cm−1 is correlated to the
B3LYP/6-31G(d) predicted negative band for the dimer at
1177 cm−1. It should be noted that the noise associated with
the experimental VCD band at 1173 cm−1 makes the intensity
associated with this band less certain. The phosphorus−oxygen
bond stretching and amine group bending modes are the
predominant sources for these bands. Overall, the mixture of
monomer and dimer theoretical spectra gives a satisfactory
correlation with all of the major experimental VCD bands,
which leads to the conclusions that both monomer and dimer
species are present at the concentration used and the absolute
configuration of 1 is either (−)-(R) or (+)-(S). The ECD
spectra calculated for (R)-1a with the 6-31G(d), 6-311G-
(2d,2p), and aug-cc-pVDZ basis sets are compared to the
experimental ECD spectrum of (−)-1 in Figure 9.
The experimental ECD spectrum exhibits a pronounced

broad positive feature that changes to a negative feature near
the cutoff wavelength of ∼200 nm. The positive broad
experimental ECD feature is reproduced in all three predicted
spectra, although at a longer wavelength than that seen in the
experimental spectrum; the negative experimental ECD feature
at ∼200 cm−1 is also reproduced in all three predicted ECD
spectra, as can be seen in Figure 9. The correlation of the
dominating positive ECD feature at a longer wavelength
changing to a negative ECD feature at a shorter wavelength
confirms the (−)-(R)-1 assignment derived from VCD data.

The ECD spectra measured for (−)-1 in the CHCl3 solvent
shows three weak positive bands with distinct maxima at 270,
264, and 257 nm, while the calculation with the aug-cc-pVDZ
basis set indicates the longest wavelength transitions at 247
and 240 nm (Figure S1). It is well-known18,19a that the bands
characteristic of the vibrational fine structure are associated
with the π → π* electronic transition of phenyl chromophore,
which is forbidden18,19a,20,21 but appears due to vibronic
borrowing.19a,22b Such bands cannot be seen in the predicted
spectra unless vibrational coupling is included in the
theoretical predictions of the ECD. In this context, latest

Figure 8. Comparison of the experimental VCD spectrum of (−)-1 with the predicted VCD spectra of (R)-1. Spectra are shifted upward for clarity.
At the 6-31G(d) level, the following two traces are overlaid: a thin line corresponding to the monomer spectrum (90%) and a thick dashed red line
corresponding to the dimer spectrum (10%).

Figure 9. Predicted ECD spectrum for (R)-1 and experimental ECD
spectra of (−)-1. The y-axis units are in liters per mol centimeter.
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developments in vibronic calculations, and interpretations, can
be consulted.23

The comparison of the experimental and predicted specific
rotations is another approach for assessing the absolute
configuration. While such comparisons at a single wavelength
can lead to misleading conclusions, the comparison of
wavelength-dependent specific rotations, and the shape of
the ORD, provides a more reliable approach.24,25 An
independent verification of the configurational assignment of
1 can be obtained from the ORD data (Figure 10).

There is a satisfactory agreement of the overall trends
between the experimental data for (−)-1 and the predicted
data for (R)-1 via the 6-31G(d) and 6-311G(2d,2p) basis sets.
The agreement in signs of the specific rotation supports the
absolute configuration assigned for 1 from VCD and ECD
data. Unlike the 6-31G(d) and 6-311G(2d,2p) basis set results
where absolute magnitudes of the calculated specific rotations
increase with the decreasing wavelength, the aug-cc-pVDZ
basis set results show a change in its sign from negative to
positive as the wavelength decreases, which can result from two
or more ECD bands of opposite signs at wavelengths below
200 nm.26 Then, some short wavelength transitions below 200
nm may have incorrect signs or relative ECD magnitudes
predicted at the aug-cc-pVDZ level.
As mentioned previously, conformer 2 is ∼3 kcal mol−1

higher in energy than conformer 1 and therefore will not
contribute to the predicted spectra. Nevertheless, we
performed VCD calculations for conformer 2 as well using
the 6-31G(d) and aug-cc-pVDZ basis sets. VCD bands of
conformer 2 have the same signs as those seen for conformer 1
except for weak bands in the 1400−1600 cm−1 region (Figures
S2 and S3) where there are no corresponding bands in the
experimental spectrum. In the case of ECD and ORD,
however, conformer 2 yields opposite signs (Figure S4) to
those of conformer 1.
Crystal and Molecular Structures of the Complex of

Enantiopure Laevorotatory tert-Butylphenylphosphi-
noamidate 1 and (+)-R-2,2′-Dihydroxy-1,1′-binaphthol.
In view of the requirements to be met as far as the correctness
of the configuration assignments done by experimental and
theoretical spectroscopic techniques is concerned, we decided
to solve the problem using an independent method that is
unquestionable, i.e., X-ray analysis of the complex of
enantiopure laevorotatory tert-butylphenylphosphinoamidate
1 and (+)-R-2,2′-dihydroxy-1,1′-binaphthol [(+)-(R)-BINOL].
The complex, with a 1:1 stoichiometry, formed when

equimolar amounts of racemic 1 and (+)-(R) -BINOL were

dissolved in ether, and the solution was kept for ca. 24 h. The
crystalline complex, [α]589 = −23.7 (c = 1.16, CH2 Cl2)],
precipitated and was filtered off. It turned out that a single
diastereoisomeric complex was isolated, as evidenced by the
1H NMR (one doublet for the t-Bu-P protons) and 31P NMR
(singlet) spectra. The X-ray crystal structure determination,
which was carried out on a single crystal of this
diasteroisomeric complex by anomalous dispersion, unequiv-
ocally revealed that the asymmetric unit of the complex
contains a single tert-butylphenylphosphinoamidate and one
(+)-R-2,2′-dihydroxy-1,1′-binaphthol (Figure 11). The abso-
lute configuration at the stereogenic phosphorus atom is R, as
confirmed by the value x = −0.02(5) of the Flack parameter
(Table 2).

The optically active (−)-1, [α]589 = −11.23 (c = 0.82,
CHCl3), was liberated from this complex by column
chromatography on silica gel using methanol as the eluent.
This means that the laevorotatory enantiomer of tert-
butylphenylphosphinoamidate 1 has the R absolute config-
uration at the stereogenic phosphorus atom. The packing of
the molecules in the monoclinic (Z = 2) unit cell is shown in
Figure 12.
The methyl carbon atoms C2, C3, and C4 of the tert-butyl

group adopt the following conformations in respect to the
oxygen O1 atom: -ap (φ = −175.83(11)°), +sc (φ =
63.92(12)°), and −sc (φ = −54.52(13)°), respectively. In
respect to the nitrogen N1 atom, these groups have the
following positions: +sc (φ = 57.13(14)°), −sc (φ =
−63.11(13)°), and +ap (φ = 178.44(11)°), respectively. The
conformations of the phenyl carbon C11 in respect to the
methyl carbons C2, C3, and C4 are −sc (φ = −54.44(14)°),
−ap (φ = −174.69(11)°), and +sc (φ = 66.87(12)°),
respectively.
The Newman projection of the substituents of the

phosphorus P1 and carbon C1 atoms along the P1−C1
bond shows a slightly deformed alternate conformation (Figure
13). The environment of the chiral phosphorus P1 atom shows
a distorted tetrahedral geometry, and the largest deviations
from the ideal value (of 109.5°) are observed at the following
angles: N1−P1−C11, 104.74(7)°; N1−P1−C1, 105.62(8);
and O1−P1−N1, 116.21(7)°. These deformations are due to
the presence of: (1) a system of intramolecular hydrogen
contacts in which the N1 and O1 atoms are acceptors and (2)
repulsive forces of the nonbonded electron pairs of these
atoms. The tert-butyl substituent shows almost no distortion of
its geometry toward the position of the methyl substituents
with the tetrahedral sp3 hybridization of carbon C1. The values

Figure 10. Comparison of the ORD predicted for (R)-1 with
experimental data of (−)-1. The specific rotations are in units of
degree cubic centimeters per gram decimeters.

Figure 11. The asymmetric unit of the complex, which is composed
from single moieties of tert-butylphenylphosphinoamide and (+)-R-
2,2′-dihydroxy-1,1′-binaphthol. The ellipsoids of the thermal
vibrations are drawn with 50% probability.
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of the valence angles oscillate between 107.92(11)° and
110.43(12)°.
In the (+)-R-2,2′-dihydroxy-1,1′-binaphthol moiety, the

dihedral angle between the naphthalene rings is 78.45(4)°.
Both hydroxyl substituents are located equatorially to the
respective rings. The angles between the O2−C21 and O3−
C31 bonds and least-squares ring planes C21−C22−C23−
C28−C29−C30 and C31−C32−C33−C38−C39−C40 are
2.47° and 0.60°, respectively. The length of the P1O1
bond is 1.499(1) Å, which is longer than the typical PO
value of 1.489 Å found in similar compounds,27 1.488 Å found
in aminophosphoric acids,28 and 1.487 Å found in triphenyl
phosphinoxide (C6H5)3PO.29 Such an elongation of the P
O bond could speak for the polarization effect of the double
PO bond whose length becomes intermediate between the
double PO and single P+−O− bonds. However, the lengths
observed for the single endocyclic P−O bonds in dioxaphos-
phorinane rings of bis(5,5-dimethyl-2-thioxo-dioxaphosphor-
inan-2-y1) disulfide and diselenide are significantly longer.
Their average length is 1.579 Å.30

The length of the P1−N1 bond is 1.6302(14) Å, which is
shorter than the value of 1.77 Å31 typical for the single bond
but longer than the typical value (1.6 Å) in cyclicphospha-
zens.32 This suggests the multiple character of this type of
bond, which is inconsistent with the amino character of the
nitrogen atom. The valence angles of the N1 atom indicate a
planar position of this nitrogen atom and have values of P1−
N1−H1A, 115.5(14)°; P1−N1−H1B, 118.3(16)°; and H1A−
N1-H1B, 123(2)° with a sum value of 356.8°. However, as
suggested by Balakrishna,33 the planar environment of the
substituents of the nitrogen atom indicates that the central
phosphorus P1 atom absorbed the major part of the electron
density of the free electron pair at the N atom. An extra
indication of that phenomenon could be the presence of the
electronegative oxygen atom as a substituent of the phosphorus
atom.34

The molecular structure of both tert-butylphenylphosphi-
noamidate and (+)-R-2,2′-dihydroxy-1,1′-binaphthol moieties
in the molecule of the complex is stabilized by the presence of
short contacts C−H···O and C−H···N (Figure S5). These
contacts could be considered weak hydrogen bonds.35 For
details, see Table S5.
Based on the theoretical aspects of the geometry of

molecular contacts, the C−H···π-type contacts directed toward
the center of the C−C bond in the naphthyl ring and the
phenyl group were identified.36 The geometries of these
contacts, directed toward the center of the aromatic ring (Cg)
that serves as a bond acceptor, are provided in detail in Table
S6. The stability of the molecular packing in the crystal lattice

Table 2. Crystal Data and Experimental Information for the
tert-Butylphenylphosphinoamidate 1 and (+)-R-2,2′-
Dihydroxy-1,1′-bi-naphthol Complex

crystal data

C20H14O2, C10H16NOP Z = 2
Mr = 483.52 Dx = 1.253 Mg m−3

Monoclinic, P21 Mo Kα radiation
a = 12.085 (2) Å cell parameters from 13111 reflections
b = 7.2789 (15) Å θ = 1.7−27.8°
c = 14.672 (3) Å μ = 0.14 mm−1

β = 96.83 (3)° T = 296 (2) K
V = 1281.5 (4) Å3 plate, colorless

data collection

KUMA KM4CCD diffractometer 4652 reflections with I > 2σ(I)
ω scans Rint = 0.011
absorption correction: none θmax = 26.0°
Tmin = 0.947, Tmax = 0.973 h = −14 → 14
16269 measured reflections k = −8 → 8
4913 independent reflections l = −18 → 18

refinement

refinement on F2 calculated weights w = 1/[σ2(Fo
2) +

(0.0438P)2 + 0.0736P] where P = (Fo
2 +

2Fc
2)/3

R[F2 > 2σ(F2)] = 0.024 (Δ/σ)max < 0.0001
wR(F2) = 0.067 Δρmax = 0.18 e Å−1

S = 1.05 Δρmin = −0.15 e Å−1

4913 reflections extinction correction: SHELXL44

384 parameters extinction coefficient: 0.0183 (18)
mixture of independent and
constrained H atom
refinement

Flack parameter x = −0.02(5)45

computer programs

data collection: CrysAlis CCD (Oxford Diffraction, 2007)46

cell refinement: CrysAlis RED (Oxford Diffraction, 2007)47

data reduction: CrysAlis RED (Oxford Diffraction, 2007)47

program used to solve the structure: SHELXS-97 (Sheldrick, 1997)44

program used to refine the structure: SHELXL-97 (Sheldrick, 1997)44

molecular graphics: ORTEP-348 and Platon (Spek, 2003)49

software used to prepare the material for publication: Platon (Spek, 2003)49

Figure 12. Molecular packing of the complex in the unit cell.

Figure 13. Newman projection along the C1(front)−P1(back) bond,
showing the conformation of the substituents of both C1 and P1
atoms in the tert-butylphenylphosphino amide moiety.
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was also supported by the presence of the strong hydrogen
bonds O−H···O and N−H···O and by numerous intermo-
lecular weak hydrogen C−H···O bonds. The system of the
intermolecular contacts is depicted in Figure S6 and Table S5.
The crystal lattice is formed by the chains created by both

the O2−H2···O1 and O3−H3···O1 bonds of the alternately
located moieties of tert-butylphenylphosphinoamidate and
(+)-R-2,2′-dihydroxy-1,1′-binaphthol. These chains extend
through the entire crystal lattice along the b-axis (Figure S7).
This motif could be described by the symbol C2

1(9) with the ab
bond sequence.37 These chains are additionally stabilized by
the C4−H4B···O3 and C40−H40···O2 contacts shown in
Figure S8. Except for the above, the weak contact C40−H40···
O2 also creates the chain motif, which extends along b-axis
connecting the 2,2′-dihydroxy-1,1′-binaphthol moieties and is
described by the C(7) symbol.37

The above-mentioned chains (Figure S8), which all extend
along the b-axis, are additionally connected along the a-axis by
a system of the following four contacts with different strengths:
hydrogen bonds C15−H15···O3 and N1−H1A···O2 and
aromatic hydrogen bonds N1−H1B···Cg4 and C12−H12···
Cg5 (Figure S9). Both hydrogen bonds C−H···O and N−H···
O create the chain of positionally alternating molecules of the
tert-butylphenylphosphinoamidate and (+)-R-2,2′-dihydroxy-
1,1′-binaphthol. This chain could be described by the symbol
C2
2(13) with the system ab of the bonds.37

The molecules of tert-butylphenylphosphinoamidate and
(+)-R-2,2′-dihydroxy-1,1′-binaphthol also interact by the
formation of an additional chain motif, which extends along
the c-axis. This chain is formed by the contacts N1−H1A···O2,
N1−H1B···Cg4, C12−H12···Cg5, O3−H3···O1, C35−H35···
Cg4, and C35−H35···Cg5 (Figure S10). In the crystal lattice,
numerous contacts between aromatic rings are also found.36

The geometry of these contacts is described in detail in Tables
S5 and S6.
The above-mentioned chain motifs make the discussed

complex (constituting an obvious analogue of BINOL) an
interesting chiral auxiliary, which should be especially useful in
asymmetric synthesis based on mechanochemical procedures
that are still in their infancy.

■ CONCLUSIONS
The comparison between experimental and predicted data
associated with VCD, ECD, and ORD have indicated that only
one tautomeric structure and one conformation is predom-
inant for tert-butylphenylphosphinoamidate. At the concen-
tration used for the VCD measurements, both monomer and
dimer forms are present in the solution. All three chiroptical
methods suggest the assignment of the (R)-configuration to
(−)-tert-butylphenylphosphinoamidate, and this assignment is
supported by X-ray diffraction of the complex of enantiopure
laevorotatory tert-butylphenylphosphinoamidate 1 and (+)-R-
2,2′-dihydroxy-1,1′-binaphthol [(+)-(R)-BINOL]. Finally, X-
ray analysis of this complex indicates the presence of chain
motifs brought in by the interaction with nearby molecules and
solid-state confinement, which should make the discussed
complex (an obvious analogue of BINOL) an interesting chiral
auxiliary.

■ EXPERIMENTAL SECTION
Synthesis. Optically active phosphinamide 1 (of uncertain

enantiomeric excess) was obtained by the debenzylation of optically
active N-benzyl tert-butylphenylphosphinoamidate, tert-BuPhP(O)-

NHCH2Ph, via hydrogenolysis over 10% Pd/C in an ethanol/acetic
acid mixture.38 More recently, a similar removal of the benzyl group
of N-benzyl tert-butylphenylphosphinoamidate, tert-BuPhP(O)-
NHCH2Ph, was achieved by hydrogenolysis under pressure (20 bar
with 10% Pd/C) in ethanol.8 In the current work, however, we used
an independent and patented procedure for the isolation of
enantiomeric tert-butylphenylphosphinoamidate 1,39 which will be
reported elsewhere.

General. NMR spectra were recorded at 200 MHz. Polarimetric
measurements were done on a PerkinElmer 241 M photopolarimeter.
The levorotatory enantiomer used in the present studies had [α]D =
−12.0 (c = 2.06, CHCl3), mp 50−52 °C. The spectral data (1H and
31P NMR) were identical with those recorded for the racemic amide
1.

Measurements. For concentration-dependent VA spectra (Figure
2), five concentrations between 0.84−0.05 M in CHCl3 were used as
well as a demountable cell with a 100 μm path length spacer. For
VCD measurements, the VA and VCD spectra of (−)-1 and (±)-1
were obtained with 3 h of data collection at a 4 cm−1 resolution using
a commercial Fourier transform VCD spectrometer, ChiralIR. These
spectra were measured in CDCl3 at a concentration of ∼0.17 M with
path lengths of 320 and 220 μm for both samples. The lower path
length was used for optimizing the absorbance and VCD signals in the
region between ∼1132 and 1248 cm−1. Measurable VCD bands are
seen only in the region below ∼1250 cm−1. The samples were held in
a variable path length cell with BaF2 windows. In the presented VA
spectrum (Figure 7), the solvent VA was subtracted. In the presented
VCD spectrum (Figure 8), the VCD spectrum of (±)-1 was
subtracted from that of (−)-1 to establish the zero baseline. The
noise level in the measured VCD spectrum was obtained as the
difference between two halves of the data collected. For ECD spectra,
one ECD spectrum was recorded for (−)-1 at ∼0.284 M in CHCl3 in
the 240 to 490 nm region using a 0.01 cm path-length cell. Another
ECD spectrum of (−)-1 was obtained at ∼0.027 M in hexane in the
200 to 280 nm region, again using a 0.01 cm path-length cell. Both
ECD spectra were measured on a Jasco J720 spectrometer. For
intrinsic rotations, solutions of (−)-1 in CHCl3 were prepared by
successive dilutions from the parent stock solution. These
concentration-dependent studies resulted in five data points, ranging
in concentrations from 0.013 to 0.002 g mL−1. The intrinsic rotation,
which represents the specific rotation at an infinite dilution, was
extracted from the optical rotations at different concentrations as
described before.40 These measurements were made at six wave-
lengths (633, 589, 546, 436, 405, and 365 nm, Figure 10) using an
Autopol IV polarimeter to obtain the optical rotatory dispersion
(ORD) curve.

Calculations. Geometry optimizations as well as the calculation of
vibrational frequencies and VA and VCD intensities were undertaken
with either the Gaussian 9841 or Gaussian 0342 program. The
calculations used density functional theory (DFT) with the B3LYP
hybrid functional and 6-31G(d), 6-311G(2d,2p), and aug-cc-pVDZ
basis sets. The theoretical VA and VCD spectra were simulated with
Lorentzian band shapes and a 5 cm−1 half width at half peak height.
Since the predicted band positions are normally higher than the
experimental band positions, the calculated monomer frequencies
were scaled by a factor of 0.9613 for the 6-31G(d) basis set and
0.9678 for the 6-311G(2d,2p) basis set. This scaling was not used for
the monomer frequencies predicted with the aug-cc-pVDZ basis set or
the dimer frequencies. Mechanical anharmonicity can be one of the
reasons for needing to use frequency scale factors, and anharmonic
vibrational spectral calculations are now becoming widely practiced.43

However, since aug-cc-pVDZ predicted the monomer vibrational
frequencies and 6-31G(d) predicted the dimer vibrational frequencies
did not find a need for the frequency scale factor we did not pursue
anharmonic vibrational spectral calculations. The specific rotation and
ECD calculations for the isolated molecule were performed using
Gaussian 03. The theoretical ECD spectra were simulated from the
first 50 singlet → singlet electronic transitions using Gaussian band
shapes and a 20 nm half width at 1/e of the peak height. The
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predicted ORD curves were generated from specific rotations
calculated at six different wavelengths.
Crystallographic Data for the Complex of Enantiopure

Laevorotatory tert-Butylphenylphosphinoamidate 1 and
(+)-R-2,2′-Dihydroxy-1,1′-binaphthol. The complex of enantio-
pure laevorotatory tert-butylphenylphosphinoamidate 1 and (+)-R-
2,2′-dihydroxy-1,1′-binaphthol (BINOL) (with a 1:1 stoichiometry)
crystallizes in the monoclinic system in space group P21 (Table 2).
Crystal data: a = 12.085(2) Å, b = 7.2789(15) Å, c = 14.672(3) Å,

β = 96.83(3)°, V = 1281.5(4) Å3, Mr = 483.52, Z = 2, dcalc = 1.253 g
cm−3, μ = 0.14 mm−1, T = 296(2) K, F(000) = 512. Data collection:
plate, colorless, Kuma KM4-CCD diffractometer, Mo Kα radiation,
CrysAlis CCD,46 and CrysAlis RED.47 Measured reflections: 16269
(θmax = 27.8°), 4913 independent (Rint = 0.011). Structure solution:
direct methods, anisotropic refinement on F2 (SHELXL-97)44 for all
non-H atoms, hydrogen atoms attached to C atoms were refined using
a riding model. The structure was refined using 4913 I > 2σ(I)
reflections and 384 parameters. The absolute structure was
determined by the Flack method with parameter x = −0.02(5).45
For all data, the final wR2 was 0.067, R1 = 0.024, S = 1.050, max Δρ =
0.180 eÅ−3, and the extinction coefficient was 0.018(2).44 The
structure is deposited in the Cambridge Crystallographic Data Centre,
CCDC 264651.
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