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The conformational analysis of the synthetic chiral modif@phenyl-cinchonidine (PhOCD) used in
enantioselective hydrogenations over noble metal catalysts has been performed at a PM3 semiempirical level
in vacuum. The minimum energy conformations calculated at the DFT level with a medium-size basis set
have been compared to those of the parent alkaloid cinchonidine (CD). PhOCD behaves similarly to CD and
shows four main conformers, denoted as Closed(1), Closed(2), Open(3), and Open(4). Open(3) is found to be
the most stable in vacuum and in gk, and CC} solvents. A comprehensive normal-mode analysis has
been performed for these conformers, and assignment of the infrared spectrum of PhOCR (<€2I2)

has been performed using the calculated spectrum of Open(3), which appears to be the most populated in this
solvent. A combined theoreticabxperimental VCD spectroscopy approach was used to increase the
spectroscopic sensitivity toward changes in the distribution of conformers upon change of solvent polarity.
The VCD spectra confirm that Open(3) is by far the most stable conformation in(€€l2.2) and indicate

that an excess Closed(2) conformer has to be expected i€l = 8.9). The possible influence of this
conformational behavior is discussed on the basis of available catalytic data and in relation to the
enantioselective potential of PhOCD as a chiral modifier on supported metal catalysts.

1. Introduction modifiers able to trigger the switch of the enantioselective
r]properties of a metal, and several studies underline its potential
as novel surface modifig-10-13
There is strong evidence that the conformation of a cinchona
alkaloid can be critical for the extent of the final enantioselec-
tivity. For example, the change of solvent polarity greatly affects
the enantioselectivity of asymmetric reactions that are catalyzed

Besides their extensive use as chiral catalysts and ligands i
asymmetric synthesiscinchona alkaloids are by far the most
widely used chiral surface-modifiers in the enantioselective
hydrogenation of &0 and G=C bonds on supported noble
metal catalysts. The catalytic system consisting of chirally

modified platinum was first discovered by Orito for the by cinch Kaloid&15 M in th tioselecti
asymmetric hydrogenation of-ketoestersand was extended y cinchona alkalolds. Ooreover, in ne enantioselective
hydrogenation of ketopantolactone on cinchonidine-modified

successively to a variety of other substrates, making it the most lati th hieved i i hibits about th
versatile among enantioselective heterogeneous catalysts. Excef'alinum, the achieved enantiomeric excess exnibits about the
ame solvent dependence as the fraction of conformer Open(3)

lent recent reviews cover the scope of substrates, modifiers, and® lution® The | ‘ f the d q th
several other aspects related to the efficiency of the catalytic In solution: € importance ot the dependence of the
chiral metal surfacé®> The underlying principle for the conformz_atlon of _the cinchona modifier on the nature of th.e
efficiency of this catalytic system is the modification of the metal 50"(;?;“ is best I|IlustLathec|i t;]y lthe_ beh?)\;\lltg Aof_thehsynthetlc
surface of a supported metal catalyst (e.g., Pt, Pd, Rh) by meandnodifier pantoyl-naphthylethylamine ( ) in the same

of a chiral molecule (the cinchona alkaloid) and the consequent reaction, Wh'Ch retains the e_sspnﬂal supmolecular entities
generation of chiral sites capable of discriminating between the required to mdu_ce enantioselectivity (‘_ancho_rlng group, aliphatic
pro-chiral faces of &0 and G=C bonds N atom and chiral centet). The enantiomeric excess depends

It is well-known that cinchona alkaloids that are in near- ©" the conformational rigidity of the modifier that is attained

enantiomeric relationships are able to afford opposite enanti- only in acidic media.

omersS but it has also been discovered recently that cinchona 10 ©ur knowledge, the only cinchona ether whose confor-
ether homologues can afford opposite enantiomers though,mat'onal space has been studied as function of solvent polarity

maintaining the same absolute configuration of the parent 'S methoxyd'|hy.drOC|nchomdm@. More co.mple>§ ethers used
alkaloid” Hence, surface chiral sites can be fine-tuned ef- in asymmeltric dihydroxylation have been investigated, however,
fectively by functionalization of the original modifier. A nice ~ Without focusing on solvent effects on conformational behav-

e : i -
feature of this system is that the different adsorption energies lor. Given the Interesting reactivity of Ph.OCD. and the

of differently substituted cinchona alkaloids allow for competi- importance of mechanistic sFudles.for .the engineering (.)f chiral
tion at surface sites that can trigger the switch of the enantio- surfaces, we addressed our investigations to some basic aspects

selective properties of a modified metélThe synthetic alkaloid Of this interesting molecule. A frequent approach to understand-
O-phenyl-cinchonidine (PhOCD) is one of the most interesting ing the catalytic action of cinchona alkaloids consists of studying
their conformational space in vacuum and in the presence of

* Corresponding author. E-mail: baiker@chem.ethz.ch. Pherkt 044 solvents in order to identify those conformations that are more
632 31 53. Fax:+41 044 632 11 63. likely to take part actively in the catalytic proce$§g820
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TABLE 1: Electronic Energy Differences and Gibbs Free Energy Differences (kcal/mol), Dipole Momentsy(, Debye), and
Angles 7; and 7, for the Optimized Conformations of Cinchonidine and O-Phenyl-cinchonidine

conf. Open(3) Closed(1) Closed(2) Open(4) Open(5) Opén(5) Open(6)
CD
AEg 0.0 1.7 2.4 2.7 5.7 1.0 5.0
AG 0.0 29 3.9 4.3 7.3 3.6 7.0
u 1.7 2.3 2.7 1.8 21 3.8 1.6
T 282 73 264 91 263 277 84
72 152 58 69 151 314 275 306
PhOCD
AEg 0.0 1.7 1.9 29 53 6.8
AG 0.0 24 2.2 3.7 6.6 7.4
u 1.8 2.7 2.9 1.9 2.5 2.2
T 282 58 259 90 265 82
7 153 74 63 152 309 306

aOpen(5) is the Open(5) conformation with an internal hydrogen bond. The level of theory is DFT/B3LYP using the 6-31Gdp basis set.

The conformation of PhOCD in solution is analyzed using a the transmission mode at 4 ciresolution using a Bruker
theoretical-experimental approach consisting of calculating the Optics Tensor27 spectrometer equipped with a liquid cell §CaF
theoretical infrared and VCD spectra of its most stable conform- windows, 1 mm path length) and a DTGS detector.

ers and using them as templates to identify the conformer 2 3. Vibrational Circular Dichroism Spectroscopy. The
distribution in the experimental spectra measured in solvents \vCD spectra of PhOCD solutions were measured using a
with different polarities. This method already showed a great PMA37 accessory (Bruker Optics) equipped with a liquid-
potential in revealing the relative population of the conformers nitrogen-cooled MCT detector, a photoelastic modulator, a
of cinchonidine andR)-2-(pyrrolidin-1-yl)-1-(1-naphthyl)etha-  polarizer, a lock-in amplifier, and a low-pass filter {800

nol in CDCh.2! Here, this potential is demonstrated using cm). Infrared radiation is provided through a Vector33 infrared
different solvents. Finally, a comprehensive normal-mode spectrometer (Bruker Optics). Prior to measurement of solute
analysis of PhOCD is also presented, which should provide a samples, a VCD spectrum of a CdS sample wavelength plate
possible basis for future studies devoted to the understandingcombined with a second polarizer was measured to determine
of the role and behavior of PhOCD as a chiral auxiliary in  the phase followed by measurement of a single channel spectrum

enantioselective catalysis. of neat solvent serving as a reference for calculating absorbance
) . spectra. A VCD spectrum of the neat solvent was subtracted
2. Experimental Section from the VCD spectrum of the solute. The instrument and the

2.1. Theoretical Calculations.All theoretical calculations ~ Procedure have been described in detail elsewteBpectra
were performed using the Gaussia?@hd Gaussian G3sets ~ Wwere collected with a Cafcell equipped with a 1-mm-path-
of programs. The potential energy surfaces (PES) were deter-length Teflon spacer by coadding 3500 scans at 47cm
mined using a PM3 Hamiltonidhon a grid of 1296 (36< 36) resolution.
calculated points. The structures of the molecules were initially ~ 2.4. Enantioselective HydrogenationsCatalytic enantiose-
optimized using the PM3 semiempirical Hamiltonian; then the lective hydrogenations of ketopantolactone were performed in
obtained geometries were used as starting points for thea parallel pressure reactor system Endeavor (Argonaut Tech-
generation of the 36 36 grid by stepwise rotation around the nologies), with eight mechanically stirred stainless steel reactors
C(4)—C(9) and C(9)-C(8) bonds and full PM3 optimization = equipped with glass liners. A standard procedure has been
of the molecule, except for the fixed, and 7, angles. The followed for the prereduction of the catalyst (P#8%, Engel-
minimum-energy conformations were reoptimized using density hard E4759) and for catalytic hydrogenatin.
functional theory (DFT) with the Becke’s three parameter hybrid 2.5, Materials. O-Phenyl-cinchonidine (Ubichem), cinchoni-
method® and using the LeeYang—Parr correlation func-  dine (Fluka, 98%), ketopantolactone (Hoffmann-La Roche), and
tional2® A 6-31Gdp basis set of Pople and co-workénsas CCls (Merck, 99.8%), CDGJ (Merck, 99.8%), CRCl, (Sigma-
used for all calculationsAG was calculated using the standard  Aldrich, 99.5%), cyclohexane (Aldrich), and €&luka, puriss.)
statistical mechanics expressions for an ideal gas in the canonicakolvents were used without further purification.
ensemble. For this, gas-phase vibrational energies were calcu-
Iatgd at _the same level of theory used for the . geometry 3. Results
optimization. The values for thg andz, angles of the minimum
energy conformations of CD and PhOCD calculated at the PM3  3.1. Conformational Analysis of O-Phenyl-cinchonidine
level of theory (available as Supporting Information) show a versus Cinchonidine.Cinchona alkaloids are composed of two
good qualitative agreement with the more refined DFT calcula- rigid moieties, namely, a quinoline and a quinuclidine ring,
tions shown in Table 1. Solvent effects were accounted for with connected by a Cgydroxilated carbon atom (C(9)). Hindered
a self-consistent reaction-field calculation using a cavity deter- rotation is possible around the two bonds connecting the two
mined self-consistently from an isodensity surface (SCIP&M), moieties. The conformation of several cinchona alkaloids has
as implemented in Gaussian &3Single point calculations were  been investigated in few studié&!8-2031-33 the general result
performed on the optimized geometry obtained from the being that only rotation around the C(4C(9) and C(9)-C(8)
calculated minima in vacuum. Five thousand and four hundred bonds is important to a first approximation for the major
integration points were used with a single center integration conformational changes of these molecules. The angles associ-
procedure. A value of 0.0004 au was chosen as the isodensityated with these rotations are shown in Figure 1 together with a
level. Molden was used as the graphical interféce. definition of the direction of rotation used to determine the
2.2. FT-IR Spectroscopy.The Fourier transform infrared  potential energy surfaces (PES) of Figure 2. These are defined
spectra of PhOCD solutions (0.01 moft) were collected in on the subspace identified by anglesandz, of the molecule.
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Figure 1. Molecular structure of cinchonidine (CD) ar@phenyl-
cinchonidine (PhOCD). Angles of rotatian andz, are defined by the
dihedral angles'9-4'—9—8 and 4—9—8—N, respectively. The direc-
tions of rotation used to generate the PES are shown in the figure.

Vargas et al.

lead to the structures depicted in Figure 3. Structural and
energetic data are reported in Table 1 for the two alkaloids at
the same level of theory and are rather closely related. Values
of differences between the dipole moments of open and closed
conformers are slightly larger for the ether derivative, which
should correspond to a larger conformational sensitivity to the
polarity of the solvent. Open(5)s a conformation of CD that
exhibits an internal hydrogen bond (Figure 4). It is interesting
to note that unlike what was reported in previous studies, the
Open(5) conformation of CD is energetically quite close to the
Closed(2) conformation in terms of Gibbs free energy (Table
1). In principle, an Open(6)onformation could also exist for
CD but a minimum energy structure was not found at this level
of theory. Attempts to compute an Opef)(&€onformation
reveals that its energy tends to be around 2 kcal/mol higher
than the Open(5) indicating that the internal hydrogen bond
plays little role for the Open(6). Such structures with intramo-
lecular bonding cannot be formed in the case of PhOCD, which
is one of the obvious differences between the parent alkaloid
CD and its ether derivatives in vacuum.

Interestingly, it results from thAG values in Table 1 that
the conformation of PhOCD in vacuum that is closer in energy
to the Open(3) is the Closed(2), whereas it is the Closed(1) in
the case of CD. This is consistent with what was reported for
the only other cinchona ether whose conformations have been
analyzed, namely, methoxydihydroquinidine, which is present
as a mixture of Open(3) and Closed(2) conformers in several
solvents!®

Table 2 gives the calculated energies of stabilization of the
conformers with respect to the energies calculated in vacuum,
for the solvents ChLCl, and CCl). The stabilization due to the
solvent effect increases with the dielectric constant and is
proportional to the dipole moment. GBI, has a more
pronounced stabilization effect on the closed conformers, having
a larger dipole moment, than on the open conformers. This
differential stabilization also exists for CClbut is less
pronounced. The results above indicate that solvents with higher
dielectric constants should increase the population of the closed
conformers more than solvents having lower dielectric con-
stants® in line with what was observed already for the parent

The conformational behavior shown by the semiempirical alkaloid CD1°

PES for cinchonidine (CD) an@-phenyl-cinchonidine (PhOCD)

3.2. Infrared Spectra of O-Phenyl-cinchonidine Solutions

is essentially the same, showing that the mostly populated anglesand Assignment of Normal Modes.PhOCD belongs to the
are in the same region of the subspace. The search was refine; point group and has 156 fundamental vibrations, which are
by DFT calculations on the six most stable conformers, which both infrared and Raman active. Being a related derivative of

Open(4)

Closed(1) =

o 50
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T4

CD

Open(5)

Open(3)
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o 50

100 150 200 250 300 350
T'I

PhOCD

Figure 2. Potential energy surfaces of cinchonidine (CD) &whenyl-cinchonidine (PhOCD).



Conformational Changes @-Phenyl-cinchonidine J. Phys. Chem. A, Vol. 110, No. 3, 2006121

Open(6)

Figure 3. Minimum energy conformations d-phenyl-cinchonidine in vacuum.

CD-Open(5) CD-Open(5)
Figure 4. Open(5) and Open(5fonformations of cinchonidine.
TABLE 2: Calculated Stabilization Energies (in kcal/mol) of guency tables were also used for the assignfAé¢htand
the O-Phenyl-cinchonidine Conformers due to the Effect of calculated modes were visualized using the GaussView inter-

Solvents CHCl, and CCl¢# face?? Moreover, PhOCD exhibits a rich conformational
Open(3) Closed(1) Closed(2) Open(4)  chemistry similar to CD, which is, in principle, strongly

CH,Cl, 3.7 4.4 4.4 4.0 dependent on the solvent; that is, the population of the cinchona

CCly 1.8 21 21 19 conformers changes with increasing solvent poldfify$.2042

a The values are obtained on single point energies at the gas-phasel Nis fact makes analysis of the conformation of PhOCD in
minima. solvents a needed step for understanding the functioning of
CD, assignment of most of these vibrational modes can be PhOCD as a possible chiral catalyst or modifier.
achieved by comparison with C®:2¢ quinoline®”-38 and qui- The choice of the solvents is based on the relative simplicity

nuclidine3® Assignment of signals in the 1650450 cnt? of CCls, CDCl, CD.Cl,, cyclohexane, and GSspectra with
spectral region has been reported already for adsorptionrespect to other organic solvents such as toluene and alcohols,
purposes. Besides the primary literature, characteristic fre- whereas the use of deuterated solvents instead of common
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TABLE 3: Assignment of the Normal Modes of O-Phenyl-cinchonidine in CCl, and CD,Cl, Solutions® and of Its Conformers

Open(3) and Closed(2)

obs. fundamentals

B3LYP 6-31G(cEp)

no. CC} CD.Cl, Open(3) Closed(2) assignment
all signals in the 16501100 cnT! spectral region
130 1637 1635 1670 1670 vC=C, \/°
129 1614 1614 1620 1620 ring def? Q
128 1598 1599 1609 1609 ring def.,Ph
127 1589 1589 1595 1593 ring def.,Qring def., Ph
126 1591 1590 ring def., @ ring def., Ph
125 1570 1570 1570 1571 ring def., Q
124 1508 1508 1509 1511 ring def., Q
123 1494 1495 1491 1491 ring def.bC—H, Ph
122 1477 1478 0s(CH), QD
121 1465 1466 1464 1463 0s(CH.), QD
120 1454 1454 1458 1459 0s(CH,), QD (Open)+ ring def., Q
119 1457 1458 04(CHy), QD + ring def., Q (Open)
118 1453 1454 ring deft- bC—H, Ph (Open)ps{CH), QD (Closed)
117 1451 1453 0s(CH.), QD (Open); ring def+ bC—H, Ph (Closed)
116 1424 1424 bEH, V
115 1423 1423 1422 1422 ring def., Q
114 1392 1392 1388 1386 C(9H and C(8)-H def. (Open)t ring def., Q
113 1383 1385 1380 C(8H def.+ ring def., Q (Open)
113 1371 C(9-H and C(8)-H def.
112 1360 1360 1366 C(9H and C(8)-H def.
112 1357 C(9-H +ring def.,, Q
111 1350 »C(9)—H andwC—H, QD
111 1346 1346 1341 »C(9)-H andwC—H, QD
110 1345 wCH,, QD
110 1341 wC(9)—H + wC(8)—H andwC—H, QD
109 1337 1339 1340 1336 oCHz, QD
108 1332 1334 wCH,, QD + wC(9)—H (Closed)
107 1323 1323 1325 1326 ring def., Ph
106 1320 oCHz, QD
105 1318 1318 wCH,, QD
105 1314 ®CH, andtCH,, QD
104 1308 1309 wCH,, QD+ bCH, Q
103 1301 1303 1304 1304 ®CH,, QD + bCH, Ph
102 1299 1299 r€H, vinyl + bCH (Closed)
101 1298 rC-H, vinyl + bCH, Ph
101 1296 ®CH,, QD (Open)
100 1293 1292 wCH,, QD
99 1288 1290 1283 1282 FeH, V
98 1270 1272 oC(9)—H + tCH,, QD; ring def., Q (Closed)
97 1261 1261 1256 1255 wC(9)—H + tCH,, QD
96 1247 tC(9)—H + tCH,, QD + bCH, Q
96 1238 tCH,, QD + bCH, Q
95 1236 1235 tC(9)—H (Open)+ tCH,, QD + vO—Cpr+ bCH, Q
94 1236 1238 1231 vO—Cppp+ tCH,, QD
93 1229 1229 bCH, Q
93 1226 tCH,, QD + bCH, Q
92 1217 1218 tCH,, QD
91 1211 1213 1206 bCH, Q
91 1210 bCH, Q
90 1196 1191 tCH,, QD
89 1173 1174 1166 1167 bCH, Ph
88 1163 1163 1163 1162 tCH,, QD + bCH, Q (Open)
major signals in the 1166860 cnT? spectral region
82 1088 1087 1080 1079 bCH, RhwC(9)—C(8) (Closed)
81 1072 bCH, PR- bCH, Q+ vC(9)—C(8)
80 1072 1073 1069 vCC and bCH, Q+ bCH, Ph
79 1060 tCH, andvCC, QD
78 1042 vCC andtCH,, QD
77 1043 1043 1032 1034 vC—N—C andtCH,, QD + rCH, vinyl (Open)
76 1029 rCHandvC—N-C, QD
76 1029 1029 1025 vCC, QD+ bCH, Ph
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TABLE 3 (Continued)

obs. fundamentals B3LYP 6-31G(cp)
no. CCl CDCl, Open(3) Closed(2) assignment
major signals in the 1106860 cnt* spectral region (cont'd)
72 1003 oCH,V
71 991 991 rCH, VW rCH,, QD
70 984 bCH, Q
69 978 ring stretch, Ph and Q
67 967 tCH,, QD
62 939 933 rCh, QD + rCH, V
61 919 vCC, QD
60 914 910 911 wCH, V
59 908 oCH, V + rCH,, QD
57 879 869 oCH, Phand Q
other major signals in the 86700 cn1? spectral regioh
56 854 oCH, Q
55 850 oCH, Q
53 821 rCH, QD + wCH, Q- ring stretch, Ph
52 817 oCH, Q+ rCH,, QD
48 818 rCH andvCC, QD
48 781 ring stretch, P vCC, QD
45 753 753 wCH, Q
44 749 »wCH, Q
43 743 743 »CH, Ph

aConcentration: 10 mM® Consistent with assignment in refs 35 and 36 and refs ther€onsistent with assignment in ref ONot observable
in CCl, and CDCl,. © Scaled by 0.97. G= quinoline, QD= quinuclidine, Ph= phenyl, V= vinyl, def. = deformation, stretch anel= stretching,
b = bending,w = wagging,t = torsion, r= rocking.

minor differences are found in the broadening of the signals at

Experi I

perments 1494 and 1240 cnt and in the 14081200 cn1! spectral

04 - co,cl, region. In the high-frequency region (inset), envelopes are
' SV coal, observed at 3076, 3039, 3001, 2943, 2881, and 2866'cm

31003000 2500 2800 which are assigned to the stretching vibrations of the vinyl group

and of the phenyl, quinoline, and quinuclidine (below 2980
cm™1) rings and will not be discussed in detail in the present
work.

Figure 5 also displays the calculated vibrational spectra of
<« BN M N T Y the most stable conformers observed in vacuum, that is, Open-
(3), Closed(2), Open(4), and Closed(1) whose frequencies have
been scaled by 0.97. The description of the fundamental modes
is given in Table 3 only for Open(3) and Closed(2) according
to the discussion that follows. Moreover, differences are
observed in the description of some normal modes of Open(3)
and Closed(2), some of which are discussed below because of
their possible relevance for understanding solvent induced
conformational changes. Table 3 also presents the assignment
of fundamental vibrations below the cutoff of the G@&hd CD-

Cl, solvents that show high intensity (0 in the calculated
spectra) and may be of use for further spectroscopic studies on

Calculated

Closed(1)

Closed(2)
Open(3)

Open(4)

— T T T T T T T T T

1700 1600 1500 1400 1300 1200 1100 PhOCD on metal surfaces using techniques where this region
Wavenumber (cm™) is accessible.

Figure 5. Experimental transmission infrared spectra (topPaghenyl- The calculated spectra, in general, reproduce the experimental

cinchonidine in CCJ, CDCk, and CBRCl, at ambient temperature and ~ SPectra in the different solvents well. Some incongruity is found
calculated vibrational spectra (bottom) of the most stable conformers for the vibration corresponding to the stretching mode of the
between 1700 and 1100 cfn The inset shows the 315@750 cm* vinyl group (1722 cm?, Av = veadc — Vexpt = 33 cnT?) and
spectral region of the experimental spectra. Frequencies of1 caleulatedfor the quadrant stretch of the phenyl ring at 1599 &gy =
spectra were scaled by 0.97. Conditior@noco = 0.01 mol I 11 cntl). However, the assignment is accomplished easily on
hydrogenated analogues offers the possibility of sampling the basis of primary literature.
spectral regions otherwise strongly shadowed. At a first glance, comparison of the spectrum in £@®ith

The transmission infrared spectra of PhOCD solutions in the calculated spectra of the four conformers suggests that the
CCl,, CDCL, and CBCI, shown in Figure 5 in the 17661050 Open conformers contribute to a larger extent to the experi-
cm~! spectral region are dominated by the typical vibrational mental spectrum. These species present a low-energy shoulder
modes of the phenyl and quinoline rings (above 1450%m  of the signal at 1494 cn and some signals between 1410 and
and by the stretching mode of the ether connectivity-(@, 1360 cnt?l, which are absent in the calculated spectra of the
ca. 1240 cm?). The spectra strongly resemble each other, and Closed conformers. The shoulder is calculated at ca. 1477 cm
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and belongs to scissor modes of the methylene groups of theTABLE 4. Dielectric Constant (€)# and Empirical Solvent
quinuclidine moiety, which in the Open conformers possess a Parameter (Ey")" of Some Organic Solvents

dipole moment perpendicular to that of the Closed conformers solvent € En'
and is normal to the plane of the quinoline ring. Moreover, it ccl 29 0.052
appears reasonable to also exclude the presence of the conformer benzene 22 0.111
Open(4). The most striking deviation of the spectrum of Open- toluene 2.3 0.099
(4) is the presence of a clear doublet at 1592 and 1584'cm CDCls 4.8 0.256

whose shift (8 cm?) is larger than for the other conformers CDLl 8.9 0.309

(2—4 cnmh). The two signals are associated with a quadrant 2 From ref 45.> From ref 43.

stretch of the phenyl ring and with a ring deformation mode of

the pyridine ring of quinoline(C=C) and»(C=N)), respec- tion of solutes and is used in the following to further investigate
tively. The former mode degenerates in the case of Open(3)the conformational behavior of PhOCD. The use of VCD to
and the Closed conformers, and additionally couples with the identify the conformers of cinchona alkaloids in solution has
latter mode. However, the calculations indicate that the contri- been reported only for CD and the synthetic modifig}-g-
bution of the mode involving the quinoline ring prevails in the ~ (Pyrrolidin-1-yl)-1-(naphthyl)ethand¥, whereas most previous
vibration at high frequency (1595 crf) only in Open(3),  Studies have been performed using NMR.

whereas in Closed(1) and Closed(2) the high-frequency vibra- The VCD spectrum of PhOCD in Cgls initially shortly
tions (1593 and 1592 cm, respectively) are dominated by the discussed. The experimental spectrum is disturbed by the
mode of the phenyl ring. The smallv in Open(3), Closed(1), interference of the solvent in the 1600510 cnT?! spectral

and Closed(2) more likely generates the single band at 1589region. The absorbance of thg sqlvent is also impo_rtant between
cm!in the experimental spectrum. 1250 and 1200 cnt (dotted line in Figure 6), but in contrast

4) from the spectra of PhOCD in,CCl to the previous region, the experimental pattern is reproducible
g and also matches the calculated spectra of the different
conformers (with minor deviations). The omission of the Open-
(4) structure from further discussion is clearly confirmed by
the VCD spectra shown in Figure 6. The calculated spectrum
of the Open(3) conformer is again in rather good agreement
with the experimental spectrum. Significant are, for example,
the signals observed at 1495 (negative, positive in Closed(2)),

This allows us to omit Open(4) from further consideration in 1465 (negative, positive in Close_d (1.))’ 1368 (shifted in Closed-
the following because of the higher polarity of our next solvent, (1) @nd (2), and 1346 cm (negative in Closed(2) and of much

CD,Cl,. On the basis of the exclusion of Open(4) and the Closed lower intensity in Closed(1)). The former signal is the semicircle

conformers we give a comprehensive assignment of the infraregStch of the phenyl ring strongly coupled witt-@ in plane
signals observed in CEin Table 3 mainly according to the bendings. The dipole moment associated with this mode is

calculated spectrum of Open(3). approximately parallel to the plane of the phenyl ring, but it

Another important difference between the calculated spectra
of the conformers is the origin of the signal centered at ca. 1240
cm1. As mentioned above, the signal is unequivocally assigned ‘0 1
to the stretching mode of the ether gromg@—Cepy)), which ’
changes slightly from conformer to conformer (1231 ¢érfor
Closed(1) and Open(3), 1235 cirfor Closed(2)). However, a
strong contribution to this band in the Open(3) conformer is
also given by the signal calculated at 1236 ¢émwhich is a
deformation mode of C(9)H coupled with the twisting of the
methylene groups of the quinuclidine moiety. This accounts for
the shoulder at higher energy observed for Open(3) (Figure 5).

The small changes observed in Figure 5 when moving from
CCl, to CDCk and to CDRCI, do not allow a straightforward
determination of the distribution of conformers as in ¢€ClI
Changes between 1410 and 1330 érsuggest an increased
population of the Closed species, which would be in agreement
with the NMR data reported for methoxy and ester derivatives
of dihydroquinidine'®

The large dominance of Open(3) in GCQlontrasts the data
reported for the parent alkaloid CB!8 Close to 40% Closed
conformers were determined in benzéheyhich shows a
dielectric constante( = 2.2) identical to that of CGl This 1700 1600 1500 1400 1300 1200 1100
amount is, however, reduced to 30% in tolueae=(2.3). The
almost complete absence of Closed conformers in,sG&H
PhOCD can be better correlated with the empirical solvent Figure 6. Experimental VCD spectra (top) @-phenyl-cinchonidine

The absence of Open(
is in agreement with the large difference in energy compare
to Open(3) (Table 1). Similar results were found for other
cinchona alkaloid3%18The values of the dipole moment of the
two Open conformers are very similar so that the difference in
energy renders the observation of Open(4) in polar solvents
improbable. Polar solvents should stabilize the conformers
exhibiting higher dipole moment as shown by the calculations.

AA

Closed(1)

Closed(2)

Wavenumber (cm™)

parameter ExT),*3 which is listed together witk in Table 4. in CCl, and CDC4 at ambient temperature and calculated VCD spectra
A . . . (bottom) of the most stable conformers between 1700 and 1106 cm
3.3. Distribution of Conformers in Solution using VCD Areas where strong solvent interference occurs are omitted. Dotted areas

Spectroscopy Vibrational circular dichroism (VCD) spectros-  represent regions where solvent absorption is important. Conditions:
copy is highly sensitive to changes in the molecular conforma- Cpnocp= 0.045 mol .
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CcCl

4

cD,Cl,

?\ 1340

0.025

0.1
{‘}L\/\ Closed(2)
Open(3)

1492 N

Open(3)

AA
AA

Closed(2)

1700 1600 1500 1400 1300 1200 1100 1540 1520 1500 1480 1460 1440
Wavenumber (cm™) Wavenumber (cm™)
Figure 7. Experimental VCD spectra (top) @-phenyl-cinchonidine Figure 8. Experimental VCD spectra @-phenyl-cinchonidine in CGl
in CD,Cl, at ambient temperature and calculated VCD spectra (bottom) (top) and in CBCl, (bottom) and calculated VCD spectra of conformers
of the conformers Open(3), Closed(1), and Closed(2) between 1700 Open(3) (bold) and Closed(2) in the 1540440 cnt? spectral region.
and 1100 cm. Areas where strong solvent interference occurs are Also shown are spectra resulting from the linear combination (dotted)
omitted. Dotted areas represent regions where solvent absorption isof the calculated spectra of the two conformers in the ratios Open(3)/
important. Conditions:Cprocp= 0.045 mol . Closed(2) 80/20, 60/40, 40/60, and 20/80. The spectrum in, GCI
affected by solvent absorption above 1500 énkxperimental spectra
exhibits an opposite direction in Closed(2) compared to Open- correspond to the spectra shown in Figure 6 and Figure 7.
(3) and Closed(1), which accounts for the sign of the signal in ca. 1340 cm! and a remarkable decrease of the ratio between
the VCD spectrum: positive, negative, and negative, respec-the bands at 1239 and 1210 cOnly conformer Closed(2)
tively. exhibits a positive signal at 1338 cfand is the only one to
The signal at 1368 cm can be described as a symmetric show a pattern similar to that observed in the experimental
deformation of the C(9}H and C(8>H bonds for Open(3), spectrum between 1250 and 1200énThe amount of Closed-
which is found above 1370 crh with much lower intensity in (2) is possibly increased already in CRCAs analysis of this
the Closed conformers. region suggests based on this argument (see Figure 6). Con-
Particularly good is the matching in the 1250200 cnt?! former Closed(1) exhibits a clearly different spectrum and can
spectral region, which is characteristic for the stretching mode be omitted from the following discussion. The Closed(1)
of the ether connectivity, as mentioned in the previous section. conformer is also less stable by 0.2 kcal/mol compared to
Hence, the experimental VCD spectrum in ¢€bnfirms the Closed(2) (Table 1). In contrast, it is more abundant in the case
strong predominance of conformer Open(3). of CD in solvents with highke and is more stable than Closed-
Changing from CCJto CDCk does not significantly alter  (2) by 1.0 kcal/mol.
the equilibrium between the conformers (Figure 6) because the The VCD patterns of conformers Open(3) and Closed(2)
VCD spectra resemble each other very much. Solvent interfer- deviate from each other in several regions of the spectrum,
ence occurs in this case between 1500 and 1450' and namely, in the 15461440 cn1?, 1400-1290 cnt?, and 1256~
between 1400 and 1370 cfh The 16006-1500 cnt? spectral 1100 cn1? regions. Because the spectrum of PhOCD in,CD
region is free from interference but does not appear diagnostic Cl, appears as a combination of the two conformers, the relative
because all conformers show similar behavior. As in the case population was simulated by summing their VCD spectra in
of methoxydihydroquinidine in CDG Open(3) still appears  different ratios. The spectrum obtained with 40% of Open(3)

dominant but the changes in the 125200 cnt! spectral and 60% of Closed(2) is best matching the experimental
region may reveal information on the conformational equilib- spectrum. Figure 8 shows the agreement between simulated and
rium, which is even more evident when moving to £Iiy. experimental spectra for the 1540440 cnt? region and clearly

The VCD spectra of PhOCD were also recorded in cyclo- reveals the presence of a large fraction of Closed(2). The VCD
hexane € = 2.0) and C$ (¢ = 2.6) solvents (not shown). In  spectra of PhOCD in Cgland CDCI, are presented in order
contrast to CCland CDC4, assignment of the spectral features to better highlight the change in the relative population of the
to a specific conformer is less straightforward. Nevertheless, conformers in the two solvents. Note the relatively large
the spectrum in cyclohexane presents a region between 1334ifference in solvent polarity and empiric solvent parameter
and 1280 cm! where the assignment of the conformation of between the two solvents (Table 4). The most important
PhOCD predominantly to Open(3) is feasible. difference between the two conformers in this region is

Figure 7 shows the VCD spectrum of PhOCD in £Ib. represented by the sign of the VCD signals observed at 1492
Solvent interference occurs between 1415 and 1375'cm cm!in the experimental VCD spectrum, which was shown to
Inspection of the spectrum and comparison with that of PhOCD display opposite direction of the dipole moment associated with
in CCl, (and CDCY}) clearly shows the growth of a shoulder at it. Similar observation holds for the second negative signal at
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1464 cnt! in which the molecular dipole moments of the Furthermore, it remains to be clarified to which extent the
vibrational modes are perpendicular to each other. In contrastinteraction of the solvent molecules with the platinum surface
to CCly, the addition of Closed(2) to Open(3) in large amounts can affect the structure of the chiral sites. This interaction is
results in the movement of the former band toward the positive expected to be different for nonchlorinated and chlorinated
sign and of the latter band toward even more negative intensitiessolvents because the latter are able to undergo dechlorination
in CD,Cl,, which reproduces the spectrum of Closed(2) well. on platinums3544

The similarity of the spectrum of the Open(3) conformer to )
that of PhOCD in CGland of the simulated spectrum to that 4. Conclusions
of PhOCD in CDCI; indicates that the fraction of Closed(2) The conformational behavior of PhOCD has been studied
species increases considerably with increasing solvent p0|arity-theoretically in vacuum and experimentally using FTIR and

3.4. Implications of Conformational Behavior of O-Phenyl- VCD spectroscopies in selected solvents with increasing polarity
cinchonidine on its Action as a Chiral Modifier in Enanti- and similar noncoordinating properties. Although in vacuum the
oselective Heterogeneous CatalysiShe theoretical analysis  behavior of PhOCD is similar to that of the parent CD, in
of the distribution of conformers of PhOCD in vacuum showed solution and with increasing solvent polarity the Closed(2)
that this cinchona alkaloid exhibits similar conformational conformer of PhOCD increases more than the same conforma-
behavior to that of the parent CD. In solution, the experimental tion of CD. Relating the conformational results to the enan-
data indicate that the Open(3) and at a lesser extent Closed(2}iodifferentiation, these modifiers show in the platinum-catalyzed
conformations are the most represented in apolar solvents, withasymmetric hydrogenation of ketopantolactone that the inversion
the fraction of Closed(2) increasing significantly with increasing of the sense of enantiodifferentiation observed with these
solvent polarity. In particular, in agreement with the behavior modifiers cannot be traced to their conformational behavior.
reported for methoxydihydroquinidiré the Closed(2) confor-  We suggest that the sterical constraints imposed by insertion
mation of PhOCD becomes populated in excess relative to theof PhO- at the C(9) position and their influence on the
Open(3) when changing from CD§io CD,Cls. In contrast, it adsorption mode of the alkaloid are at the origin of the observed
has been shown for CD that the ratio Closed(2):0pen(3) is 1:3 inversion of the sense of enantiodifferentiation.
in this solvent® Therefore, it appears a possible general feature
of cinchona ether derivatives to possess a more populated Acknowledgment. We kindly acknowledge the Swiss Centre
Closed(2) conformer in polar solvents. However, when the for Scientific Computing (SCSC) in Manno for computing time
polarity of the solvent is low, as is the case of g@hd CDC}, and the ETH Zurich and the Claude and Giuliana Foundation
the Open(3) conformation is the most populated for both for financial support. Thanks are due to Mihaela Maris for
alkaloids. Our data indicate that this could be the only conformer carrying out the catalytic tests.
present in solution for PhOCD, whereas in solvents with

dielectric constants comparable to that of €@enzene and Supporting Information Available: Anglesz; and z, of
toluene) about 30 to 40% of the population of CD is represented the optimized conformations of CD and PhOCD at the PM3
by closed conformers level of theory. This material is available free of charge via the
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modifier in the platinum-catalyzed enantioselective hydrogena-
tion of ketopantolactone (KPL), we have shown that the sense
of enantiodifferentiation is reversed when PhOCD is used (1) Kacprzak, K.; Gawronski, Bynthesi2001 961.

instead of CD in THF = 7.6) and toluenee(= 2.3) as the Jpn(%%lé% \1(-7?3:”‘3" S.; Niwa, S.; Nguyen, G. H. Synth. Org. Chem.
soIvent?ﬁheSenanUomer Qf pantolactone being producgd in 3) Studer, M.- Blaser, H.-U.: Exner, @dv. Synth. Catal2003 345
excess. Similar hydrogenation experiments performed with the 45,
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