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Structural Information from Methyl Rotors: Methyl Torsional Barriers in
p-Hydroxy- p'-Methyl-t-Stilbene and Its Water Complexes
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The barriers to internal rotation for the methyl grougpihydroxyp'-methyltt-stilbene and its one- and two-

water complexes are reported. The jet-cooled fluorescence excitation spectra of these species are also presented.
The excitation spectrum of bofithydroxy+-stilbene ang-hydroxyp'-methytt-stilbene exhibits two origins
separated by-270 cnt?, which are due to theynandanti conformers of the hydroxy group. The frequency
difference between the two conformers changes dramatically in the water complexes. Additionally, barriers

to internal rotation show a strong water complex dependence, changing by as much as 25% with hydrogen
bonding at the hydroxy group, a site 12 atoms away from the methyl rotor.

Introduction were placed in parallel gas lines and a fine metering valve was
used to control the water concentration. The jet was crossed at
90° by the beam from a Lumonics Hyperdye 300 dye laser (0.07
cm! resolution), which is pumped with a Lumonics HY750
Nd:YAG laser at a 20 Hz repetition rate. DCM dye was used
to acquire the spectra and was frequency doubled in BBO. The
emission was collected with a Melles Griot REM 014 ellipsoidal
reflector and focused onto the cathode of an EMI 9813QB
photomultiplier tube. The resulting signal was fed to an SRS250
boxcar integrator, digitized, and stored on a computer. Laser
power was monitored by using a rhodamine 590 solution as a
guantum counter and by detecting the dye emission with a
photomultiplier tube. For the dispersed fluorescence experi-
ments, the emission was once again collected with the ellipsoidal

Several models have been proposed to account for the origin
of methyl barriers, and there is currently some debate over the
relative importance of steric effects xselectron effectd:* This
group has sought to demonstrate the importance-electron
interactions by investigating distant substituent effectgam
substitutedp’-methyl+t-stilbenes:® In such systems the sub-
stituents cannot have a direct steric influence on the methyl
barriers. Inp-aminop'-methylstilbene (AMeS)it was found
that amino substitution caused a subtle change in barrier relative
to p-methlystilbene (MeS)in the relatively localized ground
state of the stilbene system. However, a 3-fold reduction of
barrier was observed for the delocalized sfate, illustrating
that thexr system can be a dominant influence on the barrier to )
methy! internal rotation. Subsequent work pimethoxyp'- reflector and then focused on.to a slit of. length ]zﬂﬁ.of a
methylstilbene (MoMeS) showed a smaller changesiba&rier Spex 0.5 m monochromator with a 3600 line/mm grating. The
than AMeS, as expected, owing to the lower electron-donating dispersed fluorescence spectra were acquired by taking an
capacity of the methoxy group compared to that of the amino average of 10 26 min exposures Wlth a Princeton Instruments
group® Additionally, two methoxy conformers were observable liquid-nitrogen-cooled CCD detection system (1024256 26
and the methoxy donating power was found to be dependent#m pixel CCD chip). This gave a linear dispersion of 0.0144
on its orientation. The red-shifted conformer was determined NM/pixel and a final resolution of 1.41 crhper pixel in this
to be the stronger donor and was assigned from vibronic Wavelength region.
evidence and rotational coherence spectroscopy ayti@ith p'-Hydroxy-p-methylt-stilbene was synthesized in a dealky-
respect to the ethylenic linkage) conforniér.Interestingly, the lation reaction fronp'-methoxyp-methyl4-stilbene, which, in
subtle difference in donor strength of the methoxy group in the turn, was synthesized via a Wittig reactiotescribed previ-
two conformers of MoMeS resulted in an approximately 10% ously® Briefly, p'-methoxyp-methylt-stilbene was added to
difference in $ methyl barrier. The sensitivity of the methyl 4 equiv of boron tribromide methyl sulfide in 30 mL of 1,2-
group barrier to distant and subtle changes in the parent moleculedichloroethane under an atmosphere of pure nitrogen. The
7 system suggests use of the methyl barrier as a probe ofreaction mixture was refluxed until the starting material had
electronic and molecular structure. To this end we have decideddisappeared. The mixture was then hydrolyzed by adding 30
to investigatep-hydroxy{'-methylstilbene (HMeS) and its water ~ mL of water and then diluting with ether. The organic phase

complexes. was separated and washedhwitM NaHCGQ followed by 3 x
20 mL washings wit 1 N NaOH. The combined NaOH
Experimental Section washings were extracted into ether; the organic phase was

separated and dried with MgQQand the ether was removed
via vacuum. The identity and purity of HMeS were assessed
using 300 MHz proton NMR and gas chromatography.

The jet apparatus is constructedrfra 6 in. nominal six-
way cross evacuated by a Varian VHS-6 diffusion pump.
Samples were heated to 11030 °C, entrained in 0.27 bar
helium, and expanded into the vacuum using a General Valve
Series 9 pulsed nozzle with a 0.8 mm diameter orifice. For the Results and Interpretation

water complex work, the sample reservoir and a water reservoir . . N
P P p-Hydroxy-t-stilbene Given the complications caused by

N - the low-frequency modes of the stilbene backbone, the anhar-
h T-OtWhom forresﬂondence should be addressed. E-mail: Ispangler@ monic methyl torsion, the possible hydroxy conformations, and
chemistry.montana.edu. . . ' A ' 1 @
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. possible multiple water complexes, it is prudent to first examine
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B2s} in the low-frequency portion of the spectrum is due to a localized
functional group mode because the OH and QQHass
H/°_<<:>>_\\—@> difference would yield significantly different frequencies for
such a mode and (2) changes in the stilbene mode frequencies
are primarily due to the electronic influence of the substituent,
378 which should be similar for OH and OGHn the isolated
AOp 258 molecule, rather than mass effects.
Water Complexes ofp-Hydroxy and p-Methoxy-t-stilbene
. Although the electronic effects of the methoxy and hydroxy
groups on the stilbene system appear to be essentially identical,
the hydrogen-bonding interactions are not. Figure 2 shows the
changes in the HS and MoS spectra as a function of increased
7 oo oo S ) S water vapor pressure. Methoxystilbene shows no evidence of
complexation under expansion conditions in which the hydroxy-
\ B25, stilbene is nearly completely complexed (fourth and fifth traces
P‘@‘\\_Q B0 of Figure 2). With large partial pressures of water the MoS
finally shows some complexing at frequencies different from
those observed for H$ H,O. Under these conditions, the bare
HS and HS+ 1H,0 species show nearly complete depletion.
251 Since both methoxy and hydroxy groups can function as proton
acceptors but only hydroxy is a good donor, we would expect
HS + H,O and MoS+ H,O to behave similarly if the
substituted stilbene functioned as a proton acceptor. Therefore,
we interpret the dramatically different complex behavior to mean
that the hydroxy group in HS donates a proton to the water
molecule. This is consistent with the view that hydroxy groups

B0
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T T T T T T

o 100 200 800 400 500 attached to aromatic systems are more acidic than atér
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and should therefore donate a proton to the water when a
Figure 1. Fluorescence excitation spectragpalfiydroxy+-stilbene (top) complex is formed&20 Because the peaks labeled A and B

28%‘:;“2‘??;)%25;3ggt'i‘tiégf’t:g;“gé Qvirl‘;‘ Ehfgotgégméniﬁ?ﬁ :ﬂt}i/ - at the same rate as the two bare molecule origins deplete,
spectrum marked with asterisks are due to the one-water complex. BothV€ assidn tlhesel t_ransmons' as two conhforn?]ers of thefsmgle-
absolute and relative frequencies are nearly identical for these two water complex. Itis interesting to note that the two conformer

species. Thesyn origin is 305174+ 20 cnt?, absolute frequency. origins are much closer in frequency than for bare HS. At
Assignments are given in Table 1. higher water concentrations a second pair of origins, also more
closely spaced than the bare molecule’s, is formed to the red.
spectra of species simpler than HM&SH,0. Figure 1 shows  These transitions grow more rapidly as the single-water complex
the jet-cooled fluorescence excitation (FE) spectrumpof peaks deplete, so we tentatively assign them as the- 28,0
hydroxy+-stilbene (HS) and that of the previously assigned conformers. At very high concentrations, new peaks can be
p-methoxyt-stilbene (MoS) for comparison purposes. Im- discerned in the MoS spectrum that appear at different relative
mediately noticeable is the fact that these two molecules havefrequencies compared to HSH,O. These transitions are due
nearly identical FE spectra in terms of both relative and absoluteto MoS + H,O and are likely due to water attached to the
frequencies. For this reason, assignment of the HS spectrummethoxy group but may be due taracomplex. These issues
by analogy to the MoS spectrum should be straightforward, will be further addressed in the discussion section.
including the assignment of two conformer origins as confirmed  p-Hydroxy-p'-methyl-t-stilbene Thep-hydroxyp'-methyl-
by rotational coherence spectroscopy in Mo®\ssignments t-stilbene (HMeS) fluorescence excitation spectrum is shown
of the stilbene normal modes are given in Table 1 following in Figure 3 along witlp-methoxyp'-methyl+-stilbene (MoMeS)
Warshel's notatiol and are consistent with the generally agreed for comparison. We were unable to completely dry the HMeS,
upon low-frequency mode assignments in stilbéies!* The so some water complex peaks are visible in the FE spectrum
nearly identical nature of the HS and MoS spectra indicates (the origins are marked). With the exception of the water
two other important points: (1) none of the vibronic features complex transitions, the spectra of HMeS and MoMeS are nearly

TABLE 1: Band Displacements (from (; Oay, in cm™1) for Transisitons Involving Stilbene-like Normal Modes in the Hydroxy
Stilbenes

p-hydroxyp-

p-hydroxystilbene p-hydroxystilbenet H,O p-hydroxy{p-methylstilbene methylstilbenet H,O
transition syn anti A B syn anti A B
36% 55.5 60 59.4 52
37 91.5 85 92 91
36%37 735 72
X 67 67
25% 171 179.5 185 184 159 167 174.4 173
37% 183.8 171.0 180 179
24% 245.3 211 263 262 230 203 243 243
25 342.5 358 368 367 318 334 348 347
2555241, 416.5 390 389 636 416 415
25% 516.4 537.5 476 767

724 195 194 154 169
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Figure 2. Effect of added partial pressures of water on the hydroxy and methoxy stilbene spectra. Water concentration increases from top to
bottom. A and B denote thgynandanti conformers of the hydroxy or methoxy group. Single and double bars over the A and B denote the one-
and two-water complexes, respectively. Note the growth of the two peaks below 38Gasrthe bare molecule origins deplete. Also, note the
formation of the two-water complex in the bottom spectrpriviethoxy+-stilbene only begins to show water complexes at the very high concentrations
wherep-hydroxy+-stilbene forms a two-water complex.

254 and 4e, as well. Fits of the torsional frequencies using a particle-

£ O, in-a-ring basis set perturbed by'&Vs [1 — cos 3p] barrier
B-09 reveal that the torsional barriers are essentially identical for the
A0 e 0a, corresponding conformers of HMe_S and MoMe_S. Howev_er,
the two conformers for each species have barriers that differ

Oa1 *

* by about 10%, 92 and 104 crhfor the red and blue conformers,
respectively.

When low partial pressures of water were added to the
expansion, HMeS readily formed complexes with origins at
relative frequencies similar to those observed in H3H,0.

.....................

]

7O~y B-0§ 25 MoMeS did not easil
o, y form complexes. The FE spectrum for
Oa, HMeS + H,0 is shown in Figure 4. Again, the two complex
. 3a, origins have shifted much closer in frequency with the addition
A‘(?o le 2502 of water. The complex also displays different methyl torsional
" 255 e . frequencies compared to the bare molecule, and fits of these
te 3 203 frequencies yield barriers of 78 and 74 thfor the red and
2 blue conformers, respectively. The complex shows a significant
reduction in barrier and a reduction in the conformer barrier
0 100 200 300 400 500 differencecompared to the bare molecule.
Relative Frequency cm ! The pair of red-shifted complex origins, tentatively assigned
Figure 3. Fluorescence excitation spectraphydroxyp'-methyk- as HMeS+ 2H,0, is shown in Figure 5. These transitions are

stilbene (top)p-methoxyp'-methylstilbene (bottom). With the exception  also at a similar relative frequency to the red complex transitions
of water complex peaks, which appear as doublets on each side of thepbserved in the hydroxystilbene plus water spectrum. Fits of
B (ant) origin (marked with an asterisk), the two spectra are nearly e |aheled methyl torsional transitions yield barriers of 96 and
|der_1t|cal as is seen _forthe unmethylated molec_ules. Torsional frequency98 cnTL, respectively, for the low- and high-frequency con-
assignments are given on the spectrum and in Tables 1 and 2. ! ! .

formers (Tables 2 and 3). These barriers are nearly the average
identical with each other, consistent with the similarity observed of the two conformer barriers for the bare molecule (92 and
for the unmethylated parent molecules MoS and HS. This is 104 cml), and the conformer barriedifferenceis again
true for the methyl torsional transitions, labeled 0Oa, 1e, 2e, 3a, significantly reduced for this complex.
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Figure 4. Excitation spectrum of-hydroxy'-methykt-stilbene plus
water. Because we get nearly complete complexation, all labeled
transitions, and virtually all transitions of appreciable intensity, are due
to the single-water complex. Note the reduction in frequency difference
for the synandanti conformers, from approximately 270 cfin the
bare molecule to approximately 25 chin the water complex.

Torsional transition assignments are given in the spectrum and in Tables

1and 2.
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Figure 5. Low-frequency portion of the excitation spectrum for the
one- and two-water complexes phydroxy{'-methytt-stilbene show-
ing the methyl torsional assignments. A and B denotestireandanti

conformers of the hydroxy group for each complexed species. Because

of the high conversion to the complex and the frequency offset for the
different complexes (as seen in Figure 2), virtually all transitions in

Metzger and Spangler

TABLE 2: Experimental Methyl Torsional Band
Displacements (from @y Oay, in cm™?) for

p'-Hydroxy- p-methyl-t-stilbene Conformers and Water
Complexes in the $ Excited State and Barrier Terms
(in cm™1) That Yield the Best Fit to the Data

hydroxymethyl  hydroxymethyi
hydroxymethyl (H20) H20),
A B A B A B
band
Oa 0 0 0 0 0 0
le -30 -33 -28 -29 =30 -3.1
2e 47.0 51.0 39.2 38.1 49.55 50.2
3a 77.3 84.5 72.4 70.8 80.25 80.2
de 99.6 98.5
barrier term
V' 91.26 103.9 77.8 74.5 96.4 97.8
V' 16.10 1049 -99 —9.0 15.1 21.3

TABLE 3: Calculated Methyl Torsional Band
Displacements (from @y Oay, in cm™?) for

p'-Hydroxy- p-methyl-t-stilbene Conformers and Water
Complexes in the $ Excited State and Barrier Terms
(in cm™Y) That Yield the Best Fit to the Data

hydroxymethyl hydroxymethyi
hydroxymethyl (H20) (H20)
A B A B A B
transition
Oa 0 0 0 0 0 0
le -30 —-33 —-239 -202 -30 -31
2e 47.08 51.04 39.2 38.12 49.0 51.0
3a 7719 8449 724 70.82 80.20 80.8
de 100.8 98.45
barrier terms
\4 91.26 103.9 77.8 74.5 96.4 97.8
V' 16.10 1049 -99 -9.0 15.1 21.3

internal rotatiorf=7 This has been explained in terms of a
m-electron interaction model similar to that of Hehre and
Houk126 A s-like orbital on the methyl group interacts with
the st system of the parent molecule. If thedensity is sym-
metric with respect to the rotor axis, a small 6-fold barrier
results. If ther density is asymmetric, a 3-fold barrier results
and the greater the asymmetry the larger the barrier. In MeS,
the ground state has a low 3-fold barrier becausertbgstem

is not very delocalized, so the central double bond and distant
ring have a small influence on the @ldubstituted ring.
Conversely, the excited state, which is known to have greater
delocalizatiort? 'displays a CHbarrier that is 5 times greater.
This higher barrier is caused by a greater asymmetry about the
rotor axis, which, in the Hehre model, would indicate density
difference in the two positions adjacent to the methyl group.
Semiempirical calculations do predict a density difference and
a slight increase in that difference in the excited state, but the
magnitude of the change is not consistent with experimental
results. Substitution in thpara position on the remote ring
with an electron donor will causesadensity increase in both
positions adjacent to the GHut should cause a greater increase
in the position that was originally more electropositive. This
will reduce thedifferencein density and cause a lower barrier
as was observed. In MoS, it was found that the electron-
donating strength of the methoxy group was dependent on its

each spectrum are due to the species indicated. Fits for these transitiongonformatiorf The S methyl barrier was lower for the better

are presented in the tables.

Discussion

Previous work onp-amino andp-methoxy substituteg’-

donating conformer in MoMeS, consistent with the above model.
HS and HMeS should, and do, act in a fashion very similar

to the behavior of analogous methoxy stilbenes, so their behavior

is really explained by the previous work. What remains to be

methylstilbenes has shown that electron-donating groups in theexamined is whether the behavior of the water complexes is

paraposition on the distant ring reduce thetsrrier to methyl

consistent with the existing model.
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We will first consider HS+ H,O. The most notable change conformer barriers (91 and 104 c&), which have a greater
in the complex spectrum, compared to the bare molecule, isthan 12% barrier difference.
the drastic reduction in frequency difference between the two  Note that for both HMeS+ H,O and HMeS+ 2H,0, the
conformer origins. Because the HS and MoS spectra are nearlyelectron-donating properties of the two conformers are made
identical, we know that it is the lone pair position that dominates more similar (compared to the bare molecule) by complex
the relative energetics of the two conformers. We can also formation. Accordingly, thalifferencein the methyl barriers

surmise, from the different behavior of HSH,O and MoS+ between thesyn and anti hydroxy conformers is reduced for
H,0, that the hydroxy group donates a proton to the water in the water complexes.
the complex. Ring Torsional Surface. In MoS we observed a fairly strong

In the limiting case of complete proton donation to the water, transition at 67 cmt, which had no analogue in stilbenepara
the charge density on the oxygen would increase and becomeSubstituted stilbenes with substituents that hpzza axis
symmetric about theara axis. In this case there would no ~Symmetry. The same transition is observed at the same
longer be two conformers, so there would not be two origins fréduency in HS, which rules out a functional group made of
or a conformational energy difference. Short of this limiting the substituent because the mass difference between OH and

case, partial donation of the hydroxy proton will both increase OCHes would result in a significant frequency difference. In
the charge density on the oxygend make the density more MoS we teptatlvely assigned the transition as a pewly aIIovyed
symmetric with respect to thpara axis. Since it is the lone phenyl torsional level caused by symmetry lowering of the ring

pair (or electron density) that primarily determines the confor- torsional surface. In-stilbene, the ring torsional surface has

mational energy difference, a more symmetric distribution will Iﬁgrz?f%LljéVsI?r?rmflm:)r:‘?ez\;\gthhrﬁ]awslrcn)an;IgIcr?raHOSngt]rllr:ea;nginrt?Ent
reduce the energy difference and will bring the origins closer y Yy 9. '

in frequency. Proton donation by the hydroxy will also increase conformations have significant energy differences and flipping

the overall density at the oxygen, making GHH,O a better the sub_stltuted_ ring will result in conyersmn_petween _the
electron-donating group than OH alone. This is evidenced by ene_rgetlcally different conformers_. This qu'f'e.s _the rng
an increase in the ring torsional @& f-re uency with the torsional surface from the four equivalent minimatistilbene

ddit f wat t'g larlv for the bl R fy Tabl to two pairs of equivalent minima with the pairs differing in
addition ot water, particuiarly for the biue con ormer_(_ able energy by~270 cnT. In HS, compared to MoS, we have the
1). We know that better electron donors in tha&ra position

) . o . ability to further modify the surface by adjusting the conformer
on the distant ring reduce thg 8ethyl barrier in substituted energetics via water complex formation. In HSH,0 we know

p-methylstilbene. Thus_, if the above model is correct, we V_VOUId that the energy difference between the two conformers is greatly
expect complex formation to reduce the methyl barrier if the oq,ced compared to those of HS and MoS. There is stil

hydroxy group acts as a proton donor. In fact, an approximate gy mmetry lowering of the surface comparedttilbene, but
20% reduction is observed (Tables 2 and 3), consistent with it is not as large an effect as seen in HS and MoS, so we would
the model. expect a change in this transition. The HSH,O spectrum
Now we will consider the second (red-shifted) water complex. does display some transitions in this low-frequency region that
Possibilities for the structure of this complex include a second cannot be assigned as known transitions-gtiloene, but they
water hydrogen bonding to thesystem, two waters bound at  are much less intense than the 67 @rtransition observed in
the OH site, or a single water at a different site. As stated in the bare molecule. This result is consistent with the assignment
the Results and Interpretation section, these transitions onlyof the 67 cnt! peak in MoS as a ring torsion newly allowed
become dominant at higher water concentrations and when thefor symmetry lowering.
single-water complex shows signs of depletion. For this reason Complex Shifts. One of the puzzling issues in the water
we assign the red-shifted complexes to HR2H,O. Sakalley complex spectra is the blue shift observed when the hydroxy
and co-worker® have shown via high-resolution IR spectros- group acts as a proton donor. Red shifts are observed in most
copy in a jet that the water trimer structure is likely a phenols in this cas¥:20.22 Although our observation seems to
six-membered ring with each water acting as both a proton donorrun counter to previously observed proton donor/acceptor shifts,
and a proton acceptor. Since the hydroxy group can function we are confident of our assignment for several reasons. (1)
in the same manner, we speculate that a similar structure isHS is a better acid than water and thus should be the proton
formed in HS+ 2H,0. donor. (2) HS and MoS show completely different water
If this is the correct structure, let us consider what would be COmMplex behavior. If they both functioned as proton acceptors,

expected for conformer energy differences and methy! barrier W Would expect similar behavior. Since only HS can function
changes in HMeS. If the hydroxy group is donating a proton as a donor, donation would account for the different behavior,

to one water and accepting a proton from a second water, theParticularly the fact that HS forms complexes much more easily

hydroxy oxygen will have a partial bond to a hydrogen on both than_MoS._ (3) The HMeS- HZQ methyl barrier behaves as
sides of thepara axis. This should lead to a more symmetric predicted if the hydroxy_ group is the proton donor.

charge density, which reduces the conformer endiffgrence Although we are confident of our assignment, we are.unable
Additionally, the effects of an electron density increase at the to develop a consistent explanation for the complex Sh.'fts that
oxygen caused by proton donation and a density decrease cause cur. It_|s wor_th noting that He (_:omplgxe_s of all th_e stilbenes
by accepting a proton should approximately cancel. Thus, we we havm_a mvestlgateql showred shift, which is opposite to the
expect OH+ 2H,0 to be a comparable electron-donating group plue shlft.observed. In most moIecuIe:;. We. suspect the large
to OH and we would expect similag $ethylbarriers in HMeS Increase in deIocahzaﬂon that oceurs in excqatlon IpBys

and HMeS+ 2H,0 but a smallebarrier differencebetween a role in the complex shift behavior of the stilbenes.

the two conformers of the 2i® complex compared to the
barrier difference between the two bare molecule conformers.
This is what is observed. For HMeS 2H,0, the two Previous work orpara substitutedo’-methyl4-stilbenes has
conformers have barriers that differ only by 2% (96 and 98 shown that the methyl group is a sensitive probe of the local
cmb) and are nearly the average values of the two HMeS s-electron environment and of any changes to that environment

Summary and Conclusions
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caused by substitution at a distant site. This work, along with  (7) Spangler, L. H.; Bosma, W. B.; van Zee, R. D.; Zwier, T.JS.

the MoS and MoMeS work, shows that subtle changes imthe ~ Chem. Phys1988 88, 6768.

. : : 8) Troxler, T.; Topp, M.; Metzger, B.; Spangler, Chem. Phys. Lett
system caused by substituent conformation or complexation canlggfi )38 rgf;r opP erger panger, khem. Fhys. -

lead to 16-20% changes in barriers for a methyl group 10 atoms (9) Williard, P.; Fryhle, C.Tetrahedron Lett198Q 21, 3731.
away. Furthermore, the changes in the ;barrier can be (10) warshel, AJ. Chem. Phys1975 62, 214.
interpreted to help give structural information about the ~ (11) Suzuki, T.Mikami, N.; ito, M.J. Phys. Chem1986 90, 6431.
complexes (12) Spangler, L.; van Zee, R.; Zwier, J..Phys. Chenil987 91, 2782.
: (13) Waldeck, D. HChem. Re. 1991, 91, 415.
. (14) Urano, T.; Hamaguchi, H.; Tasumi, M.; Yamanouchi, K.; Tsuchiya,
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