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Abstract: In this report, we describe rotational spectroscopic and high-level ab initio studies of the 1:1
chiral molecular adduct of propylene oxide dimer. The complexes are bound by weak secondary hydrogen
bonds, that is, the Ogpoxy*+*H—C noncovalent interactions. Six homochiral and six heterochiral conformers
were predicted to be the most stable configurations where each monomer acts as a proton acceptor and
a donor simultaneously, forming two six- or five-membered intermolecular hydrogen-bonded rings. Rotational
spectra of six, that is, three homochiral and heterochiral conformer pairs, out of the eight conformers that
were predicted to have sufficiently large permanent electric dipole moments were measured and analyzed.
The relative conformational stability order and the signs of the chiral recognition energies of the six
conformers were determined experimentally and were compared to the ab initio computational results.
The experimental observations and the ab initio calculations suggest that the concerted effort of these
weak secondary hydrogen bonds can successfully lock the subunits in a particular orientation and that the
overall binding strength is comparable to a classic hydrogen bond.

Introduction guantitative evidence of enantiomeric selection. These groups
have studied complexes composed of a chiral aromatic derivative
and a chiral alcohol using laser-induced fluorescénhele-
burning? and resonance-enhanced multiphoton ionization spec-
troscopy? More recently, Suhm and co-workers used ragout-
jet Fourier transform (FT) infrared (IR) spectroscopy to probe
vibrational band structures of many chiral and transient chiral
molecular complexes, such as glycidol dirfdjnary, ternary!

and even larger aggregates of lactdfesthanol dimef? and
fluoroethanol dimet* The first high resolution spectroscopic
study of a chiral molecular complex, that is, butan-2-ol differ,
was reported by Howard and co-workers, where one heterochiral
dimer was assigned. Subsequently, the same group published a
rotational study of ethanol dimer, focusing on the transient
chirality of the molecular systeA§.High resolution spectroscopy

is sensitive to even the subtlest differences in the structures.

Chiral recognition is the ability of a chiral molecule to
distinguish between the two enantiomeric forms of another chiral
molecule! One important question is how the intermolecular
forces act in a concerted way to enable the substantial enanti-
oselectivity in many natural processes. Enantiomeric discrimina-
tion is also the basis of chiral chromatograghgsymmetric
synthesis, and nuclear magnetic resonance (NMR) analysis of
enantiomeric purity. Although these techniques are evidently
consequence of enantioselectivity on the basis of different
interaction energies of tfiRRandR Sdiastereomeric pairsthere
is very little quantitative experimental information on the nature
of these interactions and their contributions to chiral discrimina-
tion on the molecular level. Very recently, Soloshonok reported
that nonracemic mixtures of chiral molecules containing per-
fluoromethyl groups exhibit remarkable amplification of the self-
disproportionatioh and that putting such mixtures through an  (6) Alrabaa, A,; Le Barbu, K.; Lahmani, F.; Zehnacker-Rentien,JAPhys.

hiral-Si gel col d hiah 999 Chem. A1997 101, 3273-3278.
ac |ra-_ I gel column can pro uce_m as high as g 0 (7) Le Barbu, K.; Brenner, V.; MilligPh.; Lahmani, F.; Zehnacker-Rentien,
depending on the effluents used. This underscores the impor- __A.J. Phys. Chem. A998 102 128-137. = .

. d di the int i hiral | | (8) Plcg:lrll_lo, S.; Bosman, C.; Toja, D.; Giardini-Guidoni, A.; Pierini, M.;
tance in un erstgn ing the interactions among chiral molecules ™ Tygiani, A.; Speranza, MAngew. Chem., Int. Ed. Engl995 36, 1729
and between chiral molecules and solvent molecules. 1731 ) o I

. . . (9) Latinia, A.; Toja, D.; Giardini-Guidoni, A.; Piccirillo, S.; Speranza, M.

Spectroscopic studies of chiral molecular complexes formed Angew. Chem., Int. EA.999 38, 815-817.

in a supersonic expansion were first reported by the groups of (10) Borho, N.; Haber, Th.; Suhm, M. &hys. Chem. Chem. Phy2001 3,

i . o : o 8 1945-1948. Borho, N.; Suhm, M. APhys. Chem. Chem. Phy2002 4,
Zehnacker-Rentien and Giardini-Guidoni in an effort to provide 2721-2732.

(11) Borho, N.; Suhm, M. AOrg. Biomol. Chem2003 1, 4351-4358.
(12) Adler, T. B.; Borho, N.; Reiher, M.; Suhm, M. AAngew. Chem2006
(1) Cantor, C. R.; Schimmel, P. Biophysical Chemistry\V. H. Freeman: 45, 3440-3445.
San Francisco, CA, 1980. (13) Emmeluth, C.; Dyczmons, V.; Kinzel, T.; Botschwina, P.; Suhm, M. A;;
(2) Pirkle, W. H.; Pochapsky, T. GChem. Re. 1989 89, 347-362. Yafez, M. Phys. Chem. Chem. PhyZ005 7, 991-997.
(3) Parker, D.Chem. Re. 1991 91, 1441-1457. (14) Scharge, T.; Emmeluth, C.; Ber, T.; Suhm, M. AJ. Mol. Struct.2006
(4) Buckingham, A. D.; Fischer, REhem. Phys2006 324, 111-126. 786, 86—95.
(5) Soloshonok, V. AAngew. Chem., Int. E®006 45, 165-168. (15) King, A. K.; Howard, B. JChem. Phys. LetR001, 348 343-349.
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Also, the rotationally resolved spectra can be used to obtain Sjﬂb/e L _Caléulate_d R(e_lwkaJr/ld Cl)ouF?terpoisel-gorrected (i MH2)

H H H H Issociation Energies (in mol), Rotational Constants (in Z),
a_cc_urate structural information of dlffe_rent conformers that is and Electric Dipole Moment Components (in Debye) of the
difficult to extract from the low-resolution electronic or FTIR  Homochiral and Heterochiral Conformers of PO Dimer at the
measurements mentioned above. The very limited high resolu-MP2/6-311++G(d,p) Level of Theory

tion spectroscopic data of chiral molecular complexes highlight

D. D.+CP A B c [etal |eas] 2]

the fact that to achieve unambiguous assignment of rotationally RRL -2355 —15.31 3013 1131 1007 0.01 0.04 0.00
resolved spectra of chiral molecular systems with many potential RSL  —22.95 -14.98 3168 1116 939 0.01 0.00 0.01
conformers is a daunting task. To aid the spectroscopic studies, RRg *gg-gg *ﬁ-gz ggé iéié 1?)% g-gg g-g‘; g-gg
a small ngmber of hlgh-llevel c_]uarjtum chemlstry .stU(.jle-s hgve RRB 2242 —1436 3363 1020 958 000 000 059
been dedicated to the investigations of chiral discrimination R -21.97 —-14.05 3290 1095 887 0.00 0.00 0.00
effects of suitable small chiral molecules. Portmann et al. RR4 -22.84 -1479 3838 970 874 0.18 026 0.06
investigated chiral recognition in the complexes of hydrogen R% —2321 —14.92 3454 1025 904 023 022 0.8
. . . : Y RRS —22.34 —14.22 3707 967 893 0.78 020 0.42
peroxide (HO,) with propylene oxide (PO) and its derivatives. RS -2215 —14.22 3833 948 857 067 077 003
Our group carried out detailed studies on the hydrogen (H)- RRé —22.60 —14.46 3934 912 821 0.00 0.43 0.00
R® —2255 —14.44 4866 851 801 0.00 0.00 0.00

bonded molecular complex between propylene imine and
H,0,.18 Alkorta and Elguero studied a seriesf®aiminoalcohols

and H-bonded complexes consisting of compounds with axial . . . . .
chirality 1920 piex 'sing pou with axi H-bonded rings. Statistically, this group consists of six homo-

In this article, we report detailed rotational spectroscopic and chiral and six heterochiral conformers. In the second group, each

high-level ab initio studies of chiral self-recognition in PO dimer Monomer can only act as either proton acceptor or donor, that
in the gas phase. PO is a simple cyclic ether chiral molecule IS Only two intermolecular H-bonds are formed in each
and is chemically stable. It has one stereogenic center: theconformer.

carbon atom bonded with the methyl group. Although the  To provide valuable clues for the spectroscopic s&fdy,
structure of PO monomer was well determined by microwave we carried out a series of geometry optimizations for the possible
(MW) spectroscopy a long time agd,2 the rotational inves-  homo- and heterochiral dimers using the Gaussian03 software
tigations of the rare gas (RG) atom (R&ENe 2425 Ar,26 Kr27) package® Second-order Mgller-Plesset perturbation theory
and PO adducts were actually the very first studies of the PO (MP2)3! with the basis set 6-3H#+G(d,pf2was employed for
containing van der Waals complexes. Recently, we investigatedfull geometry optimizations. The conformers in the second group
the H-bonded POwater complexX? where the subtle yet  were predicted to have about half of the dissociation energies
decisive stabilizing contribution of the methyl group through a compared to those of the first group and were thus being
secondary H-bond was observed. In the following sections, we excjuded from further experimental searches. The 12 proposed

describe the first high resolution spectroscopic assignment of ¢\, ctures of the first group were all found to be local minima.
six homo- and heterochiral conformers of PO dimer. We focus tha raw and counterpoise-correctediissociation energies

our attention on the weak secondary H-bonds, that is, the©
-«H—C noncovalent interactions, and their roles in the chiral
self-discrimination process in PO dimer.

rotational constants, and electric dipole moment components
for the above 12 optimized structures calculated with MP2/6-
311++G(d,p) are summarized in Table 1. It was noticed that
the differences in the rotational constants of some of these
conformers are very small. Therefore, to be certain about the

number of possible binary conformers is surprisingly large. On pro_pqseq configurat.ions, we also carried out z_sldditional geometry
the basis of chemical intuition, more than 20 preliminary optimization calculations using three more basis sets: 6-313-

structures were proposed originally. These structures can be(2d: 2p), aug-cc-pVDZ2! and a mixed basis set, that is, aug-
divided into two groups, differing in the number of the ¢C-PVDZ for the heavy atoms C and O and 6-31G(d,p)
secondary H-bonds utilized in each conformer. The first group for the H atoms, respectively. The results for the 12 optimized
emphasizes that each PO monomer accepts two protons fronftructures calculated with the three additional basis sets are
and donates two protons to the other monomer simultaneously.shown in Table S1, available as Supporting Information. In
The two PO subunits are connected through these four secondargeneral, the values predicted by all four basis sets agree with

Ab Initio Calculations

Even for a simple chiral molecular system such as PO, the

H-bonds, forming two six- or five-membered intermolecular

(16) Hearn, J. P. I.; Cobley, R. V.; Howard, B.Jl.Chem. Phys2005 123
134324/%17.

(17) Portmann, S.; Inauen, A.;thi, H. P.; Leutwyler, SJ. Chem. Phys200Q
113 9577-9585.

(18) Su, Z.; Xu, Y.Phys. Chem. Chem. Phy&D05 7, 2554-2560.

(19) Alkorta, I.; Elguero, JJ. Am. Chem. So@002 124, 1488-1493.

(20) Alkorta, I.; Elguero, JJ. Chem. Phys2002 117, 6463-6468.

(21) Swalen, J. D.; Herschbach, D. R.Chem. Phys1957 27, 100-108.

(22) Herschbach, D. R.; Swalen, J. .Chem. Physl958 29, 761-776.

(23) Imachi, M.; Kuczkowski, R. LJ. Mol. Struct.1982 96, 55—-60.

(24) Blanco, S.; Maris, A.; Melandri, S.; Caminati, \Mol. Phys.2002 100,
3245-3249.

(25) Su, Z.; Xu, Y.J. Mol. Spectrosc2005 232 112-114.

(26) Blanco, S.; Maris, A.; Millemaggi, A.; Caminati, W. Mol. Struct.2001,
612 309-313.

(27) Blanco, S.; Melandri, S.; Maris, A.; Caminati, W.; Velino, B.; Kisiel, Z.
Phys. Chem. Chem. Phy2003 5, 1359-1364.

(28) Su. Z.; Wen, Q.; Xu, YJ. Am. Chem. So2006 128 6755-6760.

each other, confirming the distinct identity of each configuration.

For the few conformers with similar rotational constants, their
dipole moment components differ enough to show distinguish-
able spectral pattern. For simplicity, we will use the result from

MP2/6-31H+G(d,p) in the remainder of the paper and refer

to the results by the other three basis sets only when
needed.

(29) Su, Z.; Tam, W. S.; Xu, YJ. Chem. Phys2006 124, 024311/%-9.

(30) Pople, J. A. et alGaussian 03Revision B.01; Gaussian, Inc.: Pittsburgh,
PA, 2003.

(31) Binkley, J. S.; Pople, J. Ant. Quantum Cheml975 9, 229-236.

(32) Krishman, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Physl98Q
72, 650-654.

(33) Boys, S. F.; Bernardi, Avlol. Phys.197Q 10, 553—-566.

(34) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358-1371.
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Figure 1. Optimized geometries at the MP2/6-31-+G(d,p) level of theory
of six homochiral RR and six heterochiralRS conformers of PO dimer.
The corresponding notation for each conformer takes the form of IRxHy
Hx'Hy'R/S (see text for details).

The MP2/6-31%+G(d,p) optimized structures of the 12
conformers of PO dimer are shown in Figure 1. We proposed
a unique notation for the conformational structures under
consideration. It is of the form ¥HyR-HX'Hy'R or SwhereR
or Sspecifies the chirality of the monomer subunit. TRRor
SScombination indicates homochiral dimer, while tR& or
SRlabel means heterochiral dimer. Since ®®andRRof a
particular configuration give the same rotational spectrum and
the same is true for thRSand SRpair, R notation is always
used for the first subunit for simplicity. The lettexsy, andx,

y take the integer values of 1, 2, or 3, indicating that the
corresponding hydrogen atoms are from the CH,,Gi CHs

We will use this notation later in the discussion of stability order
and chiral self-recognition where specific binding sites are
relevant. To make our presentation more concise and easier for
the readers, we further simplify the labeling for the six
homochiral conformers aRRL—RR6 and the corresponding
heterochiral conformers &SL—R3 (see Figure 1).

Experimental Section

A pulsed molecular beam FTMW spectrometenperated in the
frequency region between 4 and 26 GHz, was used in this study. For
the investigations of the homochiral species, a gas mixture of less than
1.0% enantiomeri®-PO (=99.0%, Aldrich) in 6.5 bar helium (Praxair)
at room temperature was expanded through a General Valve (Series 9,
0.8 mm). A racemic mixture of PO (9%, Aldrich) was used for the
spectral searches and measurements of the heterochiral dimers and for
the intensity investigation of all homo- and heterochiral diastereomers.
The full line width at half-height of a well-resolved line is about 18
kHz and the uncertainty of the frequency measurements2ikHz.

The estimated effective rotational temperature in the helium expansion
is 2.5 K.

Rotational Spectra

The initial spectral scan was carried out in the7ZAGHz range
for the lowJ transitions olRRconformers. A very rich spectrum
was obtained. To be sure about the identity of the line carriers,
test measurements were conducted with neon as carrier gas
instead of helium and with racemic PO instead of enantiopure
PO. In the previous jet-cooled rotational spectroscopic studies
of van der Waals complexes, for example, dimethyl ether
dimer3® only the lowest energy conformer was detected.
However, the spectral search feRL, which was predicted to
be the most stable conformer of all, may be difficult here
because of its small electric dipole moments. On the other hand,
the FTMW spectroscopy was successfully utilized for the studies
of mixed rare gas clusters whose dipole moments were estimated
to be in the same order of magnitude or smaller than that of
RRL conformer” As it turned out, none of the observed lines
could be assigned satisfactorily to this lowest energy configu-
ration without dramatic changes in the shape of the conformer.
We therefore moved on to other homochiral configurations.
Indeed, nine previously observed lines could be assigned to the
a-type transitions of the second lowest energy homochiral
configuration,RR2. The b-type and the much weakertype
transitions were then predicted on the basis of the initial fit and
were successfully located. Thaeandb-type transitions require
similar optimized MW excitation pulse width, while the
optimized MW pulse widths for the-type transitions are much
longer. This observation is in accord with the ratio of the dipole
moment components predicted by MP2/6-3#1G(d,p) calcu-
lations. The experimental magnitudes of the dipole moment
components, estimated by comparing the optimized pulsed
widths to that of carbonyl sulphide (OCS) with a known dipole
moment of 0.7149 32 are also consistent with the prediction.

sites, respectively. For easy bookkeeping, the integers are kepil he assignment of the observed lines to this particular conformer
in descending order in each monomer subunit. Thus, in the is therefore not only verified by the similarity of the observed

nomenclature described here, HIMRI2H1S represents a
heterochiral dimer with four intermolecular H-bonds wheresCH
and CH of R-PO each contributes one H atom to the O atom
of SPO and the other two H atoms from ¢Bnd CH ofS PO
point towards the O atom dR-PO. The notation introduced
here provides important information about the binding sites in
each conformer and is given in Figure 1 for all 12 configurations.

17128 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

and calculated rotational constants but is also further reinforced
by the good agreement between the experimentally estimated
and theoretically predicted electric dipole moment properties.

(35) Xu, Y.; Jmer, W.J. Chem. Phys1997 106, 7968-7980.

(36) Tatamitani, Y.; Liu, B.; Shimada, J.; Ogata, T.; Ottaviani, P.; Maris, A.;
Caminati, W.; Alonso, J. LJ. Am. Chem. So@002 124,2739-2743.

(37) Xu, Y.; Jger, W.J. Chem. Phys1997, 107, 4788-4796.

(38) Dijkerman, H. A.; Ruitenberg, GChem. Phys. Lettl969 3, 172-174.
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* Table 2. Experimental Rotational and Centrifugal Distortion
* N Constants of the Three Homochiral Conformers of PO Dimer
. RR2 RR4 RR5
E ’ A/MHz 3157.9758 (6) 3799.5 (4) 3728.3(3)
2 X B/MHz 1073.4876 (1) 946.0501 (7) 929.3788 (4)
@ C/MHz 908.3481 (1) 850.8587 (6) 866.3289 (4)
o 4 DykHz 0.678 (2) 0.60 (1) 0.577 (6)
RS Djk/kHz 3.020 (8) 0.1(2) 0.6 (3)
A Dk/kHz -2.7(1) 0.6 0.0°
P di/kHz —0.127 (2) —-0.11 (1) —0.047 (4)
T T LmT do/kHz —0.029 (1) 0.0 0.006 (3)
r ! Ne 36 7 10
5200 5600 6000 olkHz¢ 4.9 0.4 11
Frequency /MHz
Figure 2. Observed rotational transitions with the enantiom&ie0O and , o Standard errors in parentheses are expressed in units of the last digits.
racemic PO samples. The transitions are assigneRRd (), RR4 (O), Fixed at 0.0 in the fitS Number of transitions in the fil rms deviation

RR5 (2), RS (W), RS+ (@), andRS (a). #* represents unassigned linesin  ©f the fit.
the enantiopure sample indicates unassigned lines only in the racemic

sample but not in the enantiopure one. Table 3. Experimental Rotational and Centrifugal Distortion

Constants of the Three Heterochiral Conformers of PO Dimer

In addition toRR2 conformer, 10a-type transitions oRFS RS2 RSt RSS
were found. The magnitude of tieedipole moment component gm:z iég?-iggg g; 34;3-76211 2(5)(6) 3882;15 5(43%6 -
is estimated to be abqut 15 t|me§ Igrger than thaR&2, in C/MHz 980.0498 (2) 877.1365 (5) 835.6008 (4)
general agreement with the prediction. The searches for the pykHz 0.711 (3) 0.697 (9) 0.46 (2)
a-type transitions oRR4 were more difficult and the corre- Dyk/kHz —0.8(2) 0.4 (1) 0.9 (3)

; i Dk/kHz 2.33(3) 7.7 (8) 0.2 (3)
spondmlg trar_1$|::on_s vyfgre d?tectﬁd o_nly f_;\fter Vl\ie I(_aﬂgtrr:erfled the AkHz 0,047 (2) ~0.05(2) —0.051 (4)
MW pulse w!dt signi icantly. That ties in wel with the lact do/kHz —0.004 (3) 1.2 (4) ~0.018 (9)
that the predicted-dipole moment component is several times N 17
smaller than that oRR2 or RFS. In total, seven lines were olkHz® 3.7 4.4 0.5

assigned to the-type transition Wl.th] up to 4 andK, up to 2. a Standard errors in parentheses are expressed in units of the last digits.
Searches for the- andc-type transitions oRR4 andRR5 were b Number of transitions in the fit rms deviation of the fit.

attempted, but no concrete assignments were achieved. Although o o )
a few candidates were located fRR3 andRF® in the spectral standard deviations of the spectroscopic fits are a few kHz, in
searches, no satisfactory assignment could be obtained sinc€00d agreement with the experimental uncertainty.

these two conformers have ordy or b-type transitions whose anformational Geometries . _
patterns are much more difficult to recognize than akgpe With the MP2/6-31%+G(d,p) calculations, the largest devia-
transitions. tion from the experimental rotational constants is 41 MHz, while

The searches and assignments for the heterochiral PO dimerdhat of MP2/6-313+G(2d,2p), MP2/aug-cc-pVDZ, and the
followed the procedure described above. The three configura- MiXed basis set, that is, aug-cc-pvVDZ/6-31G(d,p), is S8,
tions, that isR2, RS, andR, predicted to have substantial 101, and 67 MHz, respectively. Here, the MP2/6-331G(d,p)
electric dipole moment values, were identified successfully. The calculation provides the best agreement. Similar conclusions
experimentally estimated magnitudes of #gb-, andc-dipole were made in our previous rqtatlonal spectroscopic study of
moments are again in reasonable agreement with the MP2/6-the PG-water adduc® and the infrared s_pectroscoplc study of
311+-+G(d,p) predictions. In total, 42 lines were measured for the cyclopropaneCO, adduct® The rotational constants alone

the heterochiral PO dimers: 17 f&<. 11 forRSt. and 14 for may not provide enough discrimination for the unambiguous
R. These transitions are not present using the enantiopure PG*SSignment of a particular conformer since some conformers
sample. The remaining thr&Sconformers have basically zero have very similar predicted rotational constants (see Table 1).

electric dipole moments, and no spectral searches were attempted]!? tNese cases, the information on the electric dipole moment
for them. Figure 2 shows all the transitions detected in both c0mponents and the experimental distinction whether a dimer
the enantiopure and racemic PO sampies IL GHz frequency is homo- or heterochiral serve as additional identification criteria.

span, plotted with the observed relative intensity ratio. Several 1he small differences between the observed and the MP2/6-
unassigned transitions are also shown. Although experimental311T+G(d.p) rotational constants as well as the good agree-

evidence indicates that the carriers of these unassigned transiMents for the electric dipole moment components lead us to
tions are most likely due to the binary or larger PO clusters the conclusion that the actual structures of the measured dimer

their exact identities are not yet determined. species are very close to the MP2/6-3%4G(d,p) optimized

The measured rotational transition frequencies of the six PO geometries. Thg m°$t important intermolecular structural pa-
dimers are summarized in Table S1, available as Supportingr"’lmmers are defined in Figure 3 usR§2 as an example. Here,

Information. They were fitted to a Watson’s S-reduction dis the H-bonding distance &doc*+H; 0 is the H-bonding

semirigid rotor Hamiltonian in itsl™-representatio®® The ang'?’ljl_oj"i‘l’lc’xy't}'Ht_dCi; irildrr IS?)%Hf'i;OteﬁWY"H' rTrr]‘e sufb- h
resulting spectroscopic constants are listed in Tables 2 and 3°¢rps ustrate gure 5 detine the appearance of eac

for the homo- and heterochiral diastereomers, respectively. Theset (.)f the. structural pgrameters from t0p.t(.). bottom in every
configuration as shown in Figure 1. The ab initio values of these

(39) Watson, J. K. G. Invibrational Spectra and Structure: A series of structural parameters for the six observed conformers are listed
Advances;Durig, J. R., Ed.; Elsevier: New York, 1977; Vol. 6, p 1. in Table 4. The H-bond length ranges from 2.46 to 2.85 A,
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number of stable species predicted by ab initio calculations with
appreciable population at thermal equilibrium at room temper-
ature. This can be understood since the collisional relaxation
in the jet expansion promotes local minima to collapse to the
lowest energy conformer if the dissociation energies of the
complexes are small enough that repeated dissociation and
recombination occd?3® or if the interconversion barriers
between them are accessibtdecause of the large dissociation
Figure 3. Definition of the most important H-bond structural parameters energle§, V\_Ie do not expect that the repeated dI§SOCIatI0n and
for PO dimer. recombination of the complexes happen substantially under our
current experimental condition. The observation of the six
g‘ia)f"éx‘:)'erisnf’:r?tgﬂs%Q’e‘jr(/%%egfnﬂgfmitrrg‘gfg"('jpg‘iﬁge;fﬁé’f the structural conformers of PO dimer suggests that the intercon-
MP2/6-311++G(d,p) Calculations? version barriers between these conformers are relatively high
that the collisional relaxations in the helium expansion do not

RR2 RS2 RR4 RS4 RR5 RS5 int t th f dilv. It is int i ¢ :
A 2502 2770 2586 2617 2613 2seg Interconvert these conformers readily. It is interesting to note
dolA 2454 2704 2692 2652 2523 2562 thatusing heavier carrier gas such as neon seemed to enhance
dy/A 2.875 2.463 2.542 2.534 2.811 2.838 the interconversion between conformers. This point is mani-
347;\ l§é5g7 13(-)5?(’)7 12265172 1127-5??6 112‘-1655 1127-6818 fested in our experiments by the fact that only one conformer,
1/deg . . . . . . : H : H
frideg  130.8 1217 1149 1177 1194 116.5 that is,RR2, was opgerved when using Ne as carrier gas instead
0Jdeg  95.6 130.8 125.9 125.9 94.9 94.1 of He. The intensities of the other five conformers were too
0Jdeg 125.3 148.6 145.3 145.1 121.9 1225 weak to be observed, indicating substantial population transfer-
r/deg  60.1 55.2 55.8 55.9 57.6 57.7 ring out of these local minima. This also explains the difficulty
Tlddeg  55.2 60.0 57.6 57.8 55.5 55.3 :
we encountered in the early stage of the spectral search when
aThe structural parameters are defined in Figure 3. Ne was used. The observation may be understood by the fact

that the collision energy of He with the complex is much smaller
which falls in the general range expected for this type of than that with Ne. Recently, Miller et al. reported a theoretical
secondary H-bonds. The H-bond angle varies from 95 to 149 study of collision-induced conformational changes in glycine
degrees, while the magnitudenthanges from 55 to 60 degrees  with He, Ne, and Ar* They showed that, in addition to the
for the homo- and heterochiral pairs. The relative difference energy of collision, attractive interactions between the heavier
between the experimental and calculafetbtational constant  colliding atom such as Ne or Ar and the glycine molecule can
is the smallest among the three rotational constants and can be&atalyze conformer interconversion substantially. This may also
either positive or negative. On the other hand, the ab initio be the case here, although detailed theoretical modeling is out

calculation consistently overestimates the magnitudB ahd of the scope of the current paper.

C constants by +4% at the MP2/6-311++G(d,p) level. This To establish the relative stability of the observed conformers,

implies that the actual structures of the six observed conformersthe intensities of the same rotational transitions of both the

are slightly more compact than predicted. homo- and heterochiral species were measured under the same
Secondary H-Bonds, Conformational Stability, and Chiral experimental condition with the same sample mixture using

racemic PO.

The experimentally observed line intensities, scaled by the
respective calculated dipole moment component values, give
the following stability order:RR2 > RR4 ~ RSl > RS >
RR5 > R2. Comparing to a classic H-bond, one may expect
the strength of the Qox+*H—C secondary H-bonds goes

conformers at-21 kJ/mol. Furthermore, the detection of six ualitatively with the negativity of the carbon atom involved
distinct conformers of this molecular adduct bound only by weak q y 9 Y ’
Since the carbon atoms of the €bind CH groups are bonded

secondary H-bonds is somewhat unexpected since one may’. .
. . . L directly to the more electron negative oxygen atom, we expect
expect it to be a floppy system with a relatively flat minimum o
. ; . the electron negativity order for the carbon atom of each group
and large amplitude motions. Our experiment shows that even

though the dissociation energy of one secondary H-bond is muchto be CH > CHp ~ CH. For the homochiral diastereomers,
) h energy 'y "UNihe stability orderRR2 (H3HZR-H3HIR) > RR4 (H3HR-
smaller than a classic H-bond, the sum of all four possible

secondary H-bonds could have an effect as large as one stron H2HIR) = RS (H3HIRH2HIR) seems to correlate with the

H-bond. The direct detection of six distinct conformers implies %ﬁ?g;tge égd;);eescxh(;(;h Iafggzéiliﬁe'srgz\;\érirr]laengcf?oﬁormer
that although these secondary H-bonds are relatively weak in P v '

. N . . However, the stability order of the heterochiral conformers is
binding strength, they can play a significant role in locking the . -

- L i . . very different even though they utilize the same secondary
binding subunits in a specific position. These observations

suggest that the secondary H-bond interactions may play an(40) Desiraju, G. R. IiThe Weak Hydrogen Bond in Structural Chemistry and

) D . en B
important role in many biological processes, a subject of intense 4, D e Eho o o) foeas one:, ew York, 1999.
)
)

Diastaltic Energies

The counterpoise-corrected dissociation energies by MP2/6-
311++G(d,p) of all the 12 conformers involving four inter-
molecular secondary H-bonds are abetit5 kJ/mol, surpris-
ingly close to those of the strongly H-bonded PB,O

current interest?~*2 since secondary H-bonds are very common 1) R, e O o 20 K. Chem. S0d9e7

H H H oarrey, P. D.; rRodgers, . M.; brown, R. D. Am. em. S0 A

in the much larger biological systems. 119 2232-2239. Godfred, P. D.; Brown, R. D. Am. Chem. Sod 998
: ; 120, 10724-10732.

_ The number of_obser_ved structural conformers in supersonic (44) Miller, TF., Ill: Clary, D. C: Meijer, A. J. H. M.J. Chem. Phys2005

jet experiments is typically much smaller compared to the 122, 244323/+13
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I;able 5. Exgecrirzne?tsl ReSU_Itts aréd Th_eortE(t_ict’sllIJ/DiSSI;Jci;’iEirt]Jn S effect on their relative stability since the “discriminating” methyl
nergies an Iral Recognition energies (In mol) O e SIX H H H H H
Observed Conformers of PO Dimer group points away from the binding S|_tes in b&RP4 andR_SA.

In the last pairRRS (H3HIR-H2HIR) is less favored with a
distance of 4.902 A between the two methyl carbon atoms

obs. exp.sign MP2/6-311++G™  MP2laug-ccpVDZ  MP2laug-cc-p VTZ*

conf. OfABww De+CP  APaw  DetCP ARww  De4CP AR compared to 5.679 A iR$ (H3HIR-H2H1S). The overall
RR2 <0 —1497 -0.06 —-18.09 -0.10 -19.45 024 discrimination effect, however, is smaller than in RB2 and
R —14.91 —-17.99 —-19.69

RS pair since the discriminating methyl group is further away
ng‘ ~0 :ﬂ-;g 0.13 :g?g 0.10 :ig-g}l 0.03 from the binding sites and the two methyl groups are further
RES =0 1497 000 —1712 —0.03 —18.90 —0.09 apart th_an in thd(RRR pair. The ab |n|.t|oAEchi.r values for .
RS 1422 1709 ) _1s81 : these six ponformers are estlr'na.ted usmg'thew correspondmg
counterpoise-corrected dissociation energies and are listed in
a Single-point energy calculation using MP2/aug-cc-pVTZ at the MP2/ Table 5 for comparison. It appears that even with the fairly large
6-311++G(d,p) optimized geometries. basis set such as aug-cc-pVTZ, it is still challenging for
) ) ] ) .. theoretical calculations to capture the subtle chiral recognition
H-bonds as in the corresponding homochiral pairs. This iS gnergy which can be unambiguously detected experimentally
because such simple sum rule does not take into account otheg; he present time. The current experimental data for a relatively
interactions such as steric hindrance effect, which will be simple chiral diastereomer may serve as a benchmark system

discussed in relation to the chirodiastaltic energies in the next ¢, future theoretical development in energy evaluation of this
paragraph. The qualitative stability order observed is compared important class of molecular systems.

to the order predicted by the ab initio calculations in Table 5.
As one can see, the stability trend observed is not well capture
at either the MP2/6-3Ht+G(d,p) or the MP2/aug-cc-pvVDZ In summary, PO dimer was investigated with high-level ab
levels. Since the MP2/ 6-31HG(d,p) gives the best agreement  initio methods and rotational spectroscopy. Three homochiral
with the experimental geometries, we performed single-point and the three corresponding heterochiral conformers of PO dimer
energy calculation with counterpoise correction at the MP2/ were observed and assigned. The stability order and the sign of
aug-cc-pVTZ level with the MP2/6-3#1+G(d,p) optimized chiral recognition energies were determined experimentally, and
geometries. The accordingly obtained dissociation energies arethe role of secondary H-bonds in chiral recognition was
also listed in Table 5 for comparison. However, they do not demonstrated. To the best of our knowledge, this is the first
improve the degree of the agreement noticeably. time that both homo- and the corresponding heterochiral dimers

One interesting quantity here is the chirodiastaltic energy, have been unambiguously identified via high resolution spec-
AEgi, the energy responsible for chiral recognition. It is defined troscopy. The present results also show that the overall effect
as the energy difference between the homo- and heterochiralof several secondary H-bonds could be as significant as a single
pair, that is,AEqni: = Eo(homo)— Eo(hetero). A negative sign  classic H-bond in stabilizing diasterecisomers and in determining
of AEg; means that homochiral diastereomer is favored over spatial orientations of the binding partners. It will be of great
the heterochiral one. According to the experimental observation, interest to study other related chiral molecular complexes such
the largest negative chirodiastaltic energy among the six as glycidoi-PO complex and glycidol dimer, where one may
observed homo- and heterochiral diastereomers was found forexpect larger chiral recognition effect because of the additional
the RR2 andR2 pair where thé&RRconformer is favored. This ~ OH functional group.

is followed by a fairly smallAEchi for the RR4 andRS! pair. Acknowledgment. This research was funded by the Univer-
Finally, a positiveAEcn; was noted for theRF6 andRS pair sity of Alberta, the Natural Sciences and Engineering Research
where the heterochiral complex is preferred over the homochiral council of Canada, the Canada Foundation for Innovation (New
one. To aid the visualization, we use the H@MKX'Hy'R/S Opportunity), and an Alberta Ingenuity New Faculty Grant. Z
notation introduced earlier and fix the first subunit in the same g thanks Alberta Ingenuity for a Studentship. N.B. thanks the
position in each diastereomeric pair, as shown in Figure 1. One German Academic Exchange Service (DAAD) and Alberta
may correlate the chiral self-recognition observed here with the |ngenuity for Postdoctoral Fellowships.

spatial orientation of the “discriminating” methyl group in the
second subunit since this is the largest functional group attached
to the stereogenic center. The distance between the two methy
C atoms inR (H3H2R-H3H1S) is 3.984 A as compared to
4.906 A inRR2 (H3H2R-H3H1R). RS is therefore much less
favored overRR2 because of the steric hindrance experienced
by the methyl groups. Furthermore, since this discriminating
methyl group is directly utilized in the secondary H-bonds, this
pair has therefore the largest chiral discrimination energy. In
the RR4 andRSt (H3H2R-H2H1R/9 pair, chirality has little JA066128]

dConclusion

Supporting Information Available: Completion of the refer-
nce 30. Summary of the calculation results with three different
asis sets for the 12 structural conformers of PO dimer.

Summary of all the measured transition frequencies of the six
homo- and heterochiral conformers of PO dimer. Summary of
the Cartesian coordinates of the 12 structural conformers of PO
dimer. This material is available free of charge via the Internet
at http://pubs.acs.org.
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