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Abstract: Static and dynamic stereochemistry of HP(OYBUAr = 2-methyl-1-naphthyl) has been studied

by a combination of variable-temperature NMRi(and 2 P), HPLC, and CD measurements as well as by

MM calculations. Two unequally populated stereolabile isomers for each configurational enantiomer have
been detected and theinticlinal andsynclinalstructures assigned. All the four species have been physically
separated and identified on a cryogenic HPLC enantioselective colum®3HC. The interconversion barrier
measured by dynamic NMR yields essentially the same value as that measured by dynamic HPLC (14.75 and
14.95 kcal mot?, respectively).

Chart 1. MM-Computed Structure of thec (More Stable)
andac (Less Stable) Conformational Rotamers of R&

Enantiomers ofl
i
H—P+
==

Introduction

It is well established that rapid interconversion of confor-
mational isomers at equilibrium can be investigated by dynamic
NMR spectroscopy, which yields quite reliable values for the
corresponding free energies of activation@). Variable-
temperature chromatography might be also used to measure the
free energies of activation, if on-column interconversion of
conformers can be observed in an appropriate temperature range.
Furthermore, the use of enantioselective columns allows the
measurement of the interconversion barriers required to trans-
form one conformational enantiomer into the other. To test
whether the discontinuous plate model thédiy sufficiently
accurate to properly describe, even at very low temperature,
how an exchange process modifies the shape of the chromato-

graphic peaks, we have compared th&* value obtained in R (+50) R (-ac)

this way with that derived from an accurate line shape simulation

of the dynamic NMR spectra. A compound we found suitable

for this purpose, in that it can be studied by both techniques, is N é(%

that of tert-butyl-1-(2-methyl-1-naphthyl)phosphine oxidg, s L2 ojg%ifz@%‘i@
HP(O)BUAr (Ar = 2-methyl-1-naphthyl), which bears two /\o
stereogenic elements corresponding to the configurationally

stable chiral phosphorus atom and to the stereolabite PAr S (-s¢) S (+ac)

rotation axis. As a consequence, two diastereoisomers of

different stability should be, in principle, observable in an
appropriate temperature range for each enantiomer at phospho-
rus. Such a situation, which is somehow similar to the one we
had observed for sulfoxides with analogous structéftéss
illustrated in Chart 1.
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The ambient-temperatuféd NMR spectrum ofl shows a
number of broad lines that are indicative of an equilibrium
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gy, H-PO)B appearing at a field (8.98 ppm) much lower than that (8.15 ppm)
| of the minor one (anticlinalac).* This is because in thec
Me conformer the hydrogen in position 8 experiences the deshield-
OO ing effect of the P=O double bond in a syn relationship. The
H, H-3 major opposite trend occurs, accordingly, for the 2-Me signal (minor

and major conformers having their shifts at 2.95 and 2.65 ppm,
respectively) since, in this case, it is the methyl group ofabe
conformer (minor) which experiences the deshielding effect

x4 H-3 minor N mentioned above. The ratio of the two conformers of Chart 1
L seems quite independent of the polarity of the solvent: the same
ratio was in fact observed both in GDI, and in CQOD.
H-P major Molecular mechanics calculations (MMX force fi€Jcton-

firm that the averaged distance between the hydrogens of the
2-Me group and the hydrogen bonded to phosphorus iathe
conformer is too large (4.74 A, as opposed to 2.83 A ofgte
conformer) to yield noticeable NOE effeét3he same calcula-
tions also indicate that the theoretical minimum corresponding
to thescconformer has an energy level 0.67 kcal mdbwer

L than that of theac conformer: if a negligibleAS’ value is
4 assumed, the corresponding ratio-&5 °C should be 83:17, a
9.0 8.2 7.4 value not far from the one experimentally observed (91:9) at
Figure 1. Bottom: Part of the low-field region of thi# (300 MHz) this temperature. The computed dipole moments of the two

spectrum ofl at —65 °C in CD,Cl, showing two sets of signals for the ~ conformers are quite similar (1.4 D fec and 1.2 D forac),
major and minor conformers. Top: Difference NOE spectrum (vertically thus accounting for the independence of the conformer ratio
expanded by a factor of 4) obtained at the same temperature byypon the solvent polarity.

simultaneous irradiation of the minor and major signals (at 2.95 and  The 31p spectrum, taken at45 °C, comprises a doublet
2.65 ppm, respectively) of the Me group in the position 2 of the 3 _ — 465 Hz) for the major conformer with a shift of 74.6
naphthalene ring. ppm and a further fine structurel & 14.8 Hz) due to the

. . coupling with thetert-butyl hydrogens. The minor conformer
between two conformational isomers (rotamers). When the shows an analogous doublet, with the sainealues, at) =

sample is copled at-65 °C (in CDZCIZ? the spectral I|ne_s 70.7 ppm. The integrated intensities yield essentially the same
sharpen considerably and two sets of signals, corresponding toratio as observed in th#H spectrum. ThetH-decoupled®P
a pair of species in different proportions, are observed. This is ’

particularly evident for the methyl group in position 2 of the spectrum consequently displays two sharp lines at low temper-

naphthalene ring which displays two well-separated singlets at ature that broaden and eventually coalesce in a reversible manner
2.95 and 2.65 ppm, with an intensity ratio of 9:91, respectively. on warming the sample: the temperature dependence is reported

The phosphorus-bonded hydrogen signal of the major com‘ormerin Figure 2 together with the computer simulation. The
appears as a doublelp = 465 Hz) centered at 7.84 ppm corresponding interconversion barrier of the more into the less

) ) £ _
whereas only one of the two lines of the minor doublet is stable species was determined &6 14.% + 0.15 keal

observed at 9.1 ppm (arrowed line in the bottom spectrum of mol~1, a value independent of temperature within the experi-
: -+ PP . P .~ mental errors. From this measurement it can be inferred that at
Figure 1), the other one (expected at higher field) being

L\ —65 °C the conformational stereoisomers have a half-life time
overlapped by the aromatic signals.

T ion the struct fthe t ¢ tional st . of about 78 min, thus are sufficiently long living to allow, in
0 assign the structure of the two conforma |ona° Stereoiso- principle, a physical separation at that temperature.
mers a NOE experiment was carried out -aé5 °C, by

imultan lv irradiating both the maior and minor lin f To achieve thesc to ac interconversion, the rotation about
simuftaneously Irradiating both the major a or IN€S 01 the Ar—P bond moves theert-butyl group across the naphtha-
the 2-methyl group and recording the difference spectrum (i.e.

. i . ; lene ring, and this can occur according to two possible
that obtained by subtracting from the irradiated spectrum the A

. . . . . S athways: either théert-butyl group overtakes the hydrogen
one obtained in the same conditions without irradiation). As b y Yl group yarog

expected, the major and minor multiplets of the hydrogen in in position 8 or the methyl in position 2. Molecular mechanics

g . . calculations were used to estimate the barriers involved in the
position 3 on the naphthalene ring both experience a NOE effect

. . two possible pathways. The energy surface, computed as
(Figure 1, top) whereasnly the majordoublet due to the HP function of the torsion angles (driven in steps 6j ébout the

hydrogen is enhanced (about 11%), that of the minor doublet Ar—P bond §) and about the PBu' bond @), yields two

?heemr%o?g gzbﬁgnct:;%”cnagrcaezt(';gltjrr]ee %;2%;921”1%H maxima corresponding to the transition states indicated as no.
u . ving " 1 and no. 2 in Figure 3. When thert-butyl group overtakes

hydrogen close to the 2-methyl substituent (synclisal} as

in Chart 1. (4) As the MM-computed dihedral angle C-8a,C-1,P,0 in Chart 1 has a

; ; ; ; value (56) exceeding 39 the term synclinalqc) has been preferred to the
This result also agrees with the chemical shift sequence of term synperiplanar (suggested by: Baker, R, W.: Kyasnor, R. V.: Sargent,

the hydrogen in position 8 of the naphthalene ring (Figure 1, ;. v."3. Chem. Soc., Perkin Trans 299§ 1333) for the more stable

bottom), in that the major conformesdj has the H-8 signal conformer. Likewise the term anticlinalag) has been preferred to

antiperiplanar for the less stable conformer, since the corresponding angle
(3) A small negative NOE effect is observed for the doublet of the major (146€°) is less than 150

conformer at 7.95 ppm in Figure 1. This signal corresponds to that of the  (5) Computer package PC Model 4.0, Serena Software, Bloomington,

hydrogen in position 4 of the naphthalene ring, and its small negative NOE IN.

is a consequence of the large positive NOE experienced by the nearby (6) On the basis of these distances, the NOE expected to occur in the

hydrogen in position 3. This indirect negative NOE is known to occur quite less stableac rotamer should be 22 times smaller than that determined in

often when two hydrogens are in a ortho relationship (see: Kruse, L. |.; thescrotamer, i.e. 0.11/22 0.005. A NOE value of 0.5% is too small to

DeBrosse, C. W.; Kruse, C. H. Am. Chem. S0d.985 107, 5435). be observed in our experimental conditions.
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Figure 2. H-decoupled’P spectrum (121.45 MHz) df as function
of temperature in CELCI; (left). On the right are reported the computer
simulations obtained with the rate constanks, (in s) for the
interconversion ofcinto ac.
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Figure 3. MM-computed potential energy surface bés function of
the torsion angle ArP (¢), corresponding to the dihedral defined by
atoms 8a-+11—-12 and of the torsion angle-iBut (0), corresponding
to the dihedral defined by the atoms-11—-12—13. The values fop
(°), 6 (°), and energy (kcal mot) are the following: s¢ 84, 60, 28.66;
ac, 276, 60, 29.33; no. 1, 6, 36, 43.48; no. 2, 186, 54, 44.29.

the 2-Me substituent¢( = 186> and 6 = 54°), we have the
transition state no. 2, which has an energy 15.6 kcal~fol
higher than the ground state. When thert-butyl group
overtakes H-8¢4 = 6° and 6 = 36°), we have the transition
state no. 1, which has an energy 14.8 kcal Thdligher than

Gasparrini et al.
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Figure 4. 121.45 MHz'H-decoupled’P spectrum ofl at —65 °C in
CD.CI, before (top) and after (bottom) the addition of a 10:1 molar
excess of the chiral solvating agdrt FAE (see text).

atom which, in these conditions, yields distinguishable spectra
for the R and S enantiomers, both in thec andac conforma-
tional disposition.

The two residudl enantiomers ofl were resolved at room
temperature on a brush-type chiral stationary phase (see
Experimental Section) to yield equally intense peaks when UV
detected (325 nm) and two oppositely signed peaks when CD
detected at the same wavelength (Figure 5, bottom): their
complete CD spectra are shown on the top of Figure 5. As the
column temperature is lowered to abeth0 °C the two peaks
showed considerable broadening due to on-column exchange.
An interconverting region preceding the peaks appears between
—60 and—70 °C, indicating that the minor conformer has a
lower affinity for the CSP than the major one. Further cooling
of the column to—83 °C allowed a complete separation of the
four species which no longer interconvert during their passage
trough the column, as evident form the absence of any
interconverting region between the resharpened peaks (Figure
6b). The same low-temperature experiment performed on each
individual enantiomer (that had been resolved by semiprepara-
tive enantioselective HPLC at ambient temperature, as shown
in Figure 5) yielded two separate sets of peaks, due t@athe
andscconformers, which appeared (see Experimental Section)
in the same positions of the racemic mixture (Figure 6c,d). When
a CD detector is employed to monitor the racemic mixture at
—83°C, the first and third peaks appear positive and the second
and fourth negative (Figure 6a): as expected, the positive pair
corresponds to the rotamers of one enantiomer and the negative
pair to the rotamers of the other enantiomer, in agreement with
the results of Figure 6¢,d. Relative peak areas were measured
by digital integration of UV and CD signals df by injecting
the solution prepared at ambient temperature into the cooled
column, kept at-83 °C. In this conditions the measured areas

the ground state. Since the latter value is the lowest one and, inyield the ratio existing at ambient temperatute6 °C), since
addition, is equal to the barrier experimentally determined, its N0 time was available for readjusting the equilibrium to the
related pathway should correspond to the preferred rotation lower temperature. IAG® value is assumed to be temperature

mode forl.
The low-temperaturéH-decoupled®P spectrum was also

invariant, the ratio measured in this way (i.e. 16:84-26 °C)
translates into 8:92 at65 °C, in excellent agreement with the

recorded in the presence of an excess (molar ratio 10:1) of anNMR determination at the same temperature (9:91). Because

enantiomerically pure chiral solvating ageRTFAE, i.e. 1,1,1-

of this coincidence the chromatographic peaks were assigned

trifluoro-9-anthrylethanol). As shown in Figure 4 the single ©n the basis of the NMR results, the more abundant being thus
signals of both the major and minor conformers are now split attributed to thesc conformer.

into 1:1 doublets, each displaying a separation of about 3.33

(7) Eliel, E. L.; Wilen, S. H.Stereochemistry of Organic Compounds

ppm. This is a consequence of the chirality of the phosphorus Wiley: New York, 1994; p 55.
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Figure 7. Experimental (left) and computer-simulated (right) DHPLC
traces of the two residual enantiomerslathat had been isolated by

semipreparative enantioselective HPLC at 200 The top left and
bottom left traces (UV detected at 325 nm) correspond respectively to

minutes the first and the second eluted enantiomer of Figure 5, as well as to
Figure 5. Bottom: HPLC resolution of the two residual enantiomers the traces d and c of Figure 6. TRevalues reported on the top right
of 1 at 20°C. A 100 x 4 mm i.d. colmun packed withRR)-DACH- and on the bottom right of the picture are the apparent rate constants

DNB as chiral stationary phase has been employed. Eluent: 1% MeOH for the scto ac (k;) andac to sc (kz) conversions.
in CHCly, flow rate 1.50 mL/min. Top: CD spectra of the two residual
enantiomers ofl in MeOH at 25°C. tion for on-column interconversion process. Computer simula-
tions of the chromatographic profiles were carried out on the
individual resolved enantiomer @fusing the discontinuous plate
model® This model treats the on-column interconversion as the
sums of two independent sets of equilibria occurring in the
mobile and stationary phase and yields apparent rate constants
[ki(appyandko@ppyas in Figure 7]. They correspond to the sums
of the rate constants in the two phases weighted by the time
each rotamer is present in each phase. It should be stressed that,
in the presence of the chiral stationary phase, each pair of
rotamers of theR and S enantiomers may interconvert, in
principle, at a different rate as a result of the specific interactions
with the stationary phase. Indeed we obtained different values
for both the forward and backward rate constants forat&o
sc on-column interconversion (Figure 7). The isomerization
barrier of the moreqg into the less &c) stable species for the
pair of rotamers deriving from the first eluted enantiomer (i.e.
CD x50 the one with a positive CD peak in Figure 5) amounts to 14.8
+ 0.3 kcal mot'? whereas that for the second pair of rotamers
amounts to 15.3 0.3 kcal mot™. In the first case the value is
identical to that obtained by NMR technique, whereas in the
second case the stationary phase seems to display a small
deactivating effect, compared to the same process in a free
solution? The difference, however, is too small to be significant
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Figure 6. HPLC resolution of the four stereocisomers in a racemic

mixture of1 at —83 °C (trace a, CD detection, trace b, UV detection). 1
The two top traces (UV detection at83 °C) display the resolution of and the averaged value of 14/&al mol™" should be taken as

the pair of rotamers carried out for each individual enantiomet,of ~ the result of the HPLC determination for the interconversion
obtained by semipreparative HPLC (traces ¢ and d correspond Of the scinto theac species. In any case the agreement with
respectively to the second and first eluted enantiomer of Figure 5). the barrier measured independently by NMR is very satisfactory.

. . . (8) Jung, M.QCPE BuIl.1992 12, 52.
In analogy with the dynamic NMR analysis, peak shape  (9) Gasparrini, F.; Misiti, D.; Pierini, M.; Villani, CTetrahedron:

analysis in chromatography gives quantitative kinetic informa- Asymmetry1997, 8, 2069.
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The assignment of the absolute configurati®o( S) is not 2:1 toluene-hexane. Mp: 132C (uncorrected)H NMR (CDCls,
straightforward but could be attempted by comparing the CD 300 MHz): 6 1.20 (9H, d.Jp-n = 16.6 Hz), 2.70 (3H, bs), 7.367.40
spectrum ofl with that of the analogous sulfoxide, where the (1H, m), 7.45-7.60 (2H, m), 7.867.95 (2H, m), 7.90 (1H, d,
HP=0 had been replaced by the=® moiety. The absolute Y-+ = 465 H2) 9.04 (1H, bs}*C NMR (CD,Clz, 75.5 MHz): 0 23.43
configuration of the latter had been independently obtained by (CHs, d, J = 8.6 Hz) 25.56 (CH d,J = 2.5 Hz), 35.63 (q, dJ = 68.6

; . - Hz), 126.40 (CH), 127.60 (CH), 127.50 (CH, bs); 129.25 (CH, bs),
means of a reliable enantiospecific synth@die CD spectrum 130.57 (CH, dJ = 9.7 Hz), 133.39 (CH, dJ = 2.7 Hz). 1P NMR

of such a sulfoxide bears a certain gnalogy with that reportgd (CD,Cly, 121.4 MHz):  70.67 (minor),74.22 (major). Anal. Calcd for
on the top of Figure 5. In the sulfoxide spectrum there are, in ¢, H,,0P: C, 73.15; H, 7.77. Found (Perkin-Elmer 2400 CHNS/O
fact, three peaks of the same sign (at 215, 245, and 270 nm)analyzer): C, 72.95; H, 7.80. Chromatographic isolation of the residual
that approximately correspond to the three peaks (at 205, 224 ,enantiomers ofl at 25°C was performed on a 25@ 10 mm chiral
and 244 nm) observed ih The sulfoxide also exhibit two peaks column packed with RR)-DACH-DNB CSF° (0.5% methanol in

of opposite sign at 300 and 323 nm, analogous to the oppositedichloromethane as mobile phase; flow rate 6.0 mL/min, refractive index
signed peaks at 310 and 325 nm in the spectrurh. dfo the detection; 10 mg per run loading): 1st eluted, CD (MeOH) 322.6
enantiomer of sulfoxide displaying a positive sign for the three (+1.64), 244.20.94), 223.6 £7.84); 2nd eluted, CD (MeOH) 322.5
lower wavelength peaks and a negative sign for the two higher (71.34), 243.4 £0.96), 222.4 £7.92).

wavelength peaks, the configurati@had been assigné If NMR and CD measurements.NMR spectra were recorded on a
the analogy between the spectra of the two molecules is Varian Gemini 300 provided with a standard variable temperature unit.

d th h d eluted . . The!H shifts were related to TMS; tHéP shifts to aqueous 85%PIOy.
accepted, then the second eluted enantiomet (figure 5) The temperatures were calibrated by means of a Ni/Cu thermocouple

should have th& configuration. It is noteworthy to recall that  jnserted into the probe before the measurements. Line shape simulations
when using the same type &R chiral column (see Experi-  were performed by making use of a PC version of the DNMR 6
mental Section) also the second eluted enantiomer of theProgramt! Circular dichroism (CD) spectra were obtained with a
analogous sulfoxide had ti&configuration?® Of course one JASCO J710 dichrograph.

cannot exclude that the HFO and S=O moieties might exhibit Chromatography. Analytical chromatography was performed on a
opposite CD and chromatographic behavior, so that the presentiPLC system composed by a Waters model M510 pump, a Rheodyne
assignment remains rather speculative. model 7725i 20 mL injector, and a Jasco model CD 995 UV/CD

detector. Preparative chromatographic was performed on a Waters

model Delta Prep. 3000 apparatus equipped with a Knauer differential

refractometer. Chromatographic data were collected and processed using
The two conformational isomers (rotamers)lohave been the Millenium 2010 chromatography manager software (Waters Chro-

detected by low-temperature NMR spectroscopy and the syn-matography).

clinal (s9 and anticlinal &c) structures assigned, by NOE Low-Temperature and Dynamic HPLC. Cryogenic HPLC was

experiments, to the more and to the less stable form, respec-Performed placing the column [100 4 mm i.d., packed withR,R-

tively. Their interconversion barrier was determined by analysis DACH-DNB CSP] in a dry-ice/2-propanol cooling bath, wia 1 m

of the dynamic’P NMR spectra. Molecular mechanics calcula- long inlet capillary wrapped around the column to ensure thermal

i Its i t with . t and indicat dequilibration of the mobile phase. Temperatures were maintained within
Ions gave resulls in agreement with experiment and Indicated g g ¢ for at least two consecutive, replicate analysis.

that the interconversion pathwqy, corresponding to the passage Simulations of Dynamic Chromatograms. The experimental

of the tert-butyl group by H-8, is preferred to the passage of cnomatograms were simulated using a modified version of the SIMUL
the same group by the 2-methyl substituent. Each rotamer package, which is based on the discontinuous plate model. The
comprises a pair of configurationally stable enantiomers that upgraded version can simulate on-column interconversions between
became NMR detectable in a chiral environment. The two nonenantiomeric species (i.e. it can model a system in which the direct
enantiomers at phosphorus were also physically separated atnd reverse isomerization processes occur at different rates in the achiral
ambient temperature by enantioselective HPLC, and each ofmobile phase, where the two interconverting species are present in
them was further resolved into thee and sc rotamers on a differing amounts). Additionally, it can handle asymmetric, non-
cryogenic highly stereoselective HPLC column-&83°C. The Gaussian—sha_ped peaks. Experime_ntal ch_romatogram_s in ASCII forma_lt
interconversion barrier of thecinto theac rotamer, determined &€ uploaded in the program, and simulations are carried out automati-
by computer simulations of the chromatographic profiles, cally starting from a set of input parameters (column holdup volume,

: 1 . retention times). Other parameters (number of theoretical plates, direct
yielded an average value (14/&al mol™) which matched very and reverse rate constants in the mobile and stationary phases, relative

satisfactorily that obtained by NMR for the same interconversion amount of the two interconverting species, peak asymmetry factors)
process (14 gkcal mol?). are left free floating and optimized by a simplex routine until a given
rms is obtained between the simulated and experimental chromatograms.

Conclusions

Experimental Section
Acknowledgment. The authors thank Mrs. Anna Flis for
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prepared as follows. To a solution of 1-(2-methylnaphthyl)magnesium . . . o
bromide [prepared from 1.2 g (0.05 mol) of magnesium and 11.12 g from the MURST'"Rom? (Nat'on_al project S_tergoselectlon n
(0.05 mol) of 1-bromo-2-methyinaphthalene in 15 mL of dry diethyl Organic Synthesis” and “Synthesis, characterization and proper-
ether] cooled to-5 °C was added dropwis8 g oftert-butyldichlo- ties of novel fullerene derivatives”), from the University of
rophosphine (Strem) dissolved in 35 mL of dry ether. The reaction Bologna (Finanziamento di Ateneo 1997999), and from the
mixture was kept at-5 °C for 1 h and was then heated to reflux for ~ University “La Sapienza”, Rome (Finanziamento di Ateneo
additional 15 h. The reaction was quenched with 25%5®, the 1998-2000).
ethereal layer was separated, and the water phase extracted with
chloroform (3 x 50 mL). The combined organic layers were dried JA9941779
(MgSQy) and evaporated under reduced pressure. The use of a good 0 c G G T F - Misit. D Nafile. G- Palmieri. G
fumehood is recommended throughout these operations. The resu_l_tingCh(ronzéfggr;gﬁg%m"'z 4,%S§;rzlt?)|’6ai§pe:?rli:{i, E: l\;a“;‘; Y vﬁlzﬂfr(lf. :
oily regldue was subjected to a short column chromatography on silica Chirality 1992 4, 447. (c) Gasparrini, F.; Misiti, D.: Villani, C.J.
gel using 10:1 chloroformacetone as eluent and yiettlé g (8%) of Cromatogr. A1995 694, 163.
1 as white solid which was finally purified by recrystallization from (11) QCPE program No. 633, Indiana University, Bloomington, IN.

Material. tert-Butyl-1-(2-methylnaphthyl)phosphine oxid&) (was




