Nuclear Magnetic Resonance and Molecular Orbital Studies
of Conformational Properties and Spin-Spin Coupling

Transmission

for Phenylallene and 2-Formylstyrene

by

Scott Christopher Kroeker

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfilment of the Requirements

for the Degree of

MASTER OF SCIENCE

Department of Chemistry
University of Manitoba

Winnipeg, Manitoba

© July, 1995



L Iy

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellingten Street
Otlawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, Iloan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Weilington
Ottawa (Ontario)

Your fife  Volre référence

Qur file  Nolre rélérence

L'auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-13268-4

Canada



Name

Dissertation Apsirac! wleimationcs 1s anwiyd by broad, general subject categories. Please select the one subject which most
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

Phu_; el Chenasdrag

*) ILF q 1Y UMI

SUBJEGUTERM

Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES

COMMUNICATIONS AND THE ARTS Beychology ...oocooveeericeciereeen 0525
Architecture ........cccocvcrcrrirnrions 0729 Reading -.... .....0535
i Religious | ... 0527
ferees ... 0714
oy 70533
Social Sciences .0534
Sociology of ... .-0340
rasining . .
Technology v 6710
Tests o surements . ..0288
Vocationtl .......vocreeeeresserenenn. 0747
LANGUAGE, LITERATURE AND
LINGUISTICS
Lenguage
- ient ..
Agrieultural 573 Linguisties ., -...0290
e Modern ... 0291
Bilingual and Multicultural 0282 Literature
e B
munity College ...... . FVCR '
urricuiun? and Instruction 0727 gl:ns.kﬂm;;%‘.’é 8%;;
Early Chil 0518 Moo 0297
Elementary ..... o524 Modern ..... ~0298
Finance ........covnene 277 Arican .. 0316
Guidance and Counseling . 0519 Americon 0597
I'Hleuhhh .......................... 8?2‘% ASION o, .0305
Hilgfoi g " 0520 Canadian {Engtis 0352
ool SR o) G
Industriaf .................... L0521 Gesr"mamc 531
Languoge and Literature 0279 Lafin Amerie 0312
MMC'% emaHCS oo ~ 0280 Middle Eastern 0315
Phlilil::ophof " 0598 Romance ...... 0313
Physical ... 0523 Slavic and Eost European ... 0314

THE SCIENCES AND ENGINEERING

BIOLOGICAL SCIENCES
Agriculture
S;WO’ gggg
FOPOMIY oovevecverreresseseianns
Animal Culture and
NUITIHON i Q475
Animal Pothology ............... 0476
Food Science and
Technology ........ccovevenee. 0359
Forestry and Wikdite 70478
Plant Culture ........... e QAT
Plant Pathelogy ... ..0480
Plant Physiology ...... ....0817
Range Management ............ 0777 HEALTH AND ENVIRONMENTAL
B lWood Technology ............... 0746 SCIENCES
10 Environmental Sciences ............. 0768
%ygfeml gggg Health Sciences
xnatomy ... General ..o, 0568
Biostatistics . Audiol 0300

Chemotherapy

Dentistry ......... 0567
Education ............. ..0350
Hospital Management 07469
Human Development ..0758
immunology .....c....... ..0982
Medicine and Surgery .. 0564
Mental Health .70 ..0347
Nursing ...... D569
Nufition ... 0570
Obstetrics and Gynecology .. 0380

Occupational Health an
rury ........................... 0354
Ophthalmology ..0381
Pathology ....-...... ..0571
Pharmacoiogy 0419
?hurma, 85%’%

) sical Therapy ...ooocoeevnnne.

EARTH SCIENCES ublic Helth - 0573

Biogeochemistry .....cccovevneennn. 0425 Rodicloay ... -
Geochemisiry ..oovvoveeeo i 0996 Recreatan oo 0575

PHILOSOPHY, RELIGION AND

Philasophy . .....croooseeees oo 0422
Religion
%eneml 0318
Biblical St 0321
Clergy ..... 0319
History of ... 0320
Philosaphy of .. ...0322
Theology «...vcvreererrrenrenercnnans 0469
SOGAL SGENCES
American Studies e, 0323
Anthropol
Archaeclogy
Cultural .20
[
Business Administration
General ......cocovreeenerrarrenns 0310
Accounting . ..0272
Barking ....... 0770
Manogement .. 0454
Markefing ....... ...0338
Canadian Studies ...c...c.coooooee... 0385
Economics

Agricultural ...........
Commerce-Business

Speech Pothology ................
Toxicology .......... .-
Home Economics .....ccoccvenrnene

PHYSICAL SCIENCES

Pure Sciences

Chemistry
General ..o 0485
Agricultural ..
Analytieal ..,
Biachemistry

Inorganic

Mathemotics ...
Physies
General ..o
ACOUSHES ...
Astronomy and
AStrophysics ...orvrnreee..
Almospheric Science
Atomnic v O
Electronics and E|ectrici3( . 0607
Elementary Particles an
High Energy .......covcomrnnren. 0798
Fid and Plasma................ 0759

Molecular ......vcrveivieeennne 0609
Nuclear ... ....0610
Opfies ... 0752
Radigtion ... 0756
Solid State 0611
SEIHSHCS ooerereeeceeseecee . Q463
Applied Sciences
Applied Mechanics ................... 0346
Computer Science ...........overne 0984

SUBJECT CODE

Ancient ..o 0579
Medieval ... .

0
Asia, Australio ond Oceania 0332
Canadian ......cccccvcevveeer O

United States ......
History of Science
T,
Polifical Science

General .o,

International Law and

Relations

iol
gqne_rall .......... T e Doty
riminology and Penol
Demogr:an’ el
Ethnic and Racial
Individual and Famity

Studies
Industrial and Lober
Redations .........ccccoocveeeee.
Public and Social Welfare ... 0830
Social Structure and

Development ...................
Theory and Methods ............
Transportahion ..........ccceepeenne
Urban and Regional Planning ... 0999
Women's Studies ..o, 0453
Engineerin
General ......... ..0537
Aerospace .. ..0538
Agricultural .. ..0539
Automotive .. ..0540

Biomediedt ... .. 0541
Chemical ..... . 0542
Civil . D543
Electranics ond Blectrieal ... ... Q544
Heat and Thermodynamics ... 0348
Hydraulic......c.cc.ovevreernne 0545
Industrici . ..0546
Marine ... ..0547
Materials Science ..0794
Mechaniceadl ......... ..GQ548
Metallurgy ... ..0743
Mining ........ ..0551
Nudlear ... ..0552
Packaging ... .. 0549
Petroleum .......cccoecvieeee, 0745
Sonitary and Municipal ....... 0554
System Science ..........c..onee.. 0790
Geotechnelogy ......... ... 0428
Operations Research . 0794
Plastics Technology ... L0795
Textile Technology ....c....voor.... 0994
PSYCHOLOGY
General .o 0621
Behavioral .. 0384
Clinical ...... ..0622
Developmen ..0620
Experimental 0623
Industrial . 624
Personality 625
Physiclogica 989
Psychobiology 349
Psyc_hi::metrics . 632
ia




RUCLEAR MAGNETIC RESONANCE AND MOLECULAR ORBITAL STUDIES
OF CONFORMATIONAL PROPERTIES AND SPIN-SPIN COUPLING TRANSMISSION

FOR PHENYLALLENE AND 2-FORMYLSTYRENE

BY

SCOTT CHRISTOPHER KROERKER

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba
in partial fulfillment of the requirements of the degree of

MASTER OF SCIENCE

© 1995

Permission has been granted to the LIBRARY OF THE UNIVERSITY OF MANITOBA
to lend or sell copies of this thesis, to the NATIONAL LIBRARY OF CANADA to
microfilm this thesis and to lend or sell copies of the film, and LIBRARY

MICROFILMS to publish an abstract of this thesis. :

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or other-wise reproduced without the author’s written
permission.



To Donna



Abstract

An investigation of some conformational properties of styrene is carried out indi-
rectly, using two related compounds, phenylallene and 2-formylstyrene. Long range
intergroup coupling constants (IrJs) from very high-resolution 'H NMR spectra of
phenylallene solutions in acetone-dg and benzene-dg are discussed in terms of angle-
dependent ¢ and 7 electron spin-spin coupling mechanisms. Molecular orbital (MO)
computations at the MP2/6-31G* level of correlation-gradient theory predict the
height of the internal rotational potential as 16 kJ/mol, suggesting a 4 kJ/mol steric
repulsion energy for styrene. Absolute signs of IrJs to the methylene protons are
inferred from a positive dipolar coupling between these protons. Some coupling con-
stants between protons and the sidechain **C nuclei are discussed in terms of spin
coupling mechanisms. Anomalous perturbations of 'J(* H,'* C') within the sidechain
are also noted. A similar NMR study of acetone-dg and CS;/CgD;2 solutions of
2-formylstyrene vields 1rJs indicating a 55% population of the O-trans conformer.
MO calculations at the HF/6-31G* level imply a similar comformational distribu-
tion, with a low energy minimum at a vinyl torsion angle, @, of 38° for the O-cis
conformer, and two distinct minima for the O-trans conformer at 6 = 45 and 130°.
This latter conformer appears to be consonant with an hypothesis used to explain
the photochemistry of this molecule. The ohserved IrJs demonstrate no significant
solvent dependence and are consistent with the computed conformational properties
of the free molecule. A through-space coupling constant of —0.16 Hz is observed be-
tween the formyl and the vinyl methine protons. Preliminary MO and NMR results
from 2,6-difluorostyrene and 2-hydroxynaphthaldehyde are mentioned with regard to

through-space interactions.
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1 Introduction

Conflicting reports have been published concerning the barrier to internal rotation
in styrene. Many experimental and theoretical techniques have been employed, and
nearly as many internal rotational potential functions have been suggested. The
earliest barrier was derived in the gas phase from thermodynamic measurements in
1946 [1].

Molecular spectroscopists have attempted to evaluate the internal rotational po-
tential using Raman [2], single vibronic level (SVL) fluorescence [3, 4] and microwave

[5] speciroscopy. The form of the potential to which experimental data are fit is

1 ) 17
V(g = §ZH(1 ~cosif) =Y _ Vjsin® (%) . (1)
The symmetry characteristic of this rotation in styrene demands that only evenfold
terms contribute.

An early experiment using low-frequency, gas-phase Raman spectroscopy [2] re-

ported the potential function
V(kJmol™) = 7.45(8) sin” 6 4+ 0.32(4) sin? 26. (2)

Subsequently, SVL fluorescence spectroscopic measurements {3} provided evidence

which allowed a reinterpretation of the Raman data, yielding
V{kJ mol™) = 13.7(1) sin® § — 3.32(6) sin® 26. (3)

The salient feature of this revised potential is the substantial negative fourfold com-
ponent. This crucial difference modifies the shape of the potential well, as illustrated
in Figure 2.

Physically, the effect of this term is to flatten the potential curve near planari-
ty, allowing for larger amplitude torsional vibrations than with a strictly twofold
potential. Based on vibrational level populations, Hollas et al. [3] suggest that at
room temperature, gas phase styrene exists in high probability with a dihedral angle

ranging between £45°.



Figure 1: Molecular structure of styrene and atomic numbering scheme.

Combining newly available geometric information, the electronic absorption spec-
trum, Raman data and SVL fluorescence measurements on styrene-g-d, with the
existing data on styrene, Hollas et al. [41] were able to improve on their previous-
ly determined potential, arriving at what is now widely taken to be the definitive

experimental potential for styrene:
V{kJmol™) = 12.8(1) sin® § — 3.29(1) sin® 26 + 0.084(6) sin” 3. (4)

A {ew years later, this potential was further investigated using the rotational
spectrum of styrene observed by microwave fourier transform (MWFT) spectroscopy
[5]. Accounting, this time, for structural relaxation on large amplitude vibrations and
incorporating MWFT data from ground and excited states, the original potential
[3] obtained by Hollas’ group was supported. No attempt was made, however, to
reconcile this potential with the preferred potential from the more recent and more
comprehensive investigation by Hollas ef al. [4] and, indeed, it was not mentioned.
In addition, measurements of the moments of inertia were interpreted to provide

“conclusive evidence of molecular planarity” [5].




V (kd mal )

-45 -30 -15 0 15 30 45
6 (degrees)

Figure 2: Potential function from equation 4 around the minimum for styrene: A)

only V;, B) only V; and V.



Theoretical computations of styrene, however, tell a somewhat different story.
Early investigations using semi-empirical methods [6, 7] or @b initio molecular or-
bital (MO) calculations [8] with standard (fixed) geometries poorly described the
rotational barriers, but signalled the possibility of a small barrier to planarity. Two
1985 reports explored this possibility using ab initic MO computations with geome-
try optimization! [9, 10]. Of the four basis sets used, STO-3G, 4-21G, 4-31G [9] and
6-31G [10], the three highest agree that there is a substantial fourfold component,
negative in sign, which competes with the positive twofold component to produce a
deviation from planarity in the minimum energy conformation. 6-31G, for example,
yields the flattest potential, with a V, of 13.19(15) kJmol~! and a V4 of -3.18(15)
kJ mol~'. The condition for planarity in the presence of a negative V, is that the
magnitude of V; exceed four times the magnitude of V4. Examining the two experi-
mental potentials in equations 3 and 4 demonstrates the conflict between them with
respect to this question. The potential derived from SV1 fluorescence data indicates
a double minimum, whereas MWFT data demand planarity. This ambiguity is not
resolved by the theoretical potential at the 6-31G level, for which the uncertainty in
the numbers permits either conclusion.

The point in question arises from the relation of conjugational energy favouring
planarity and steric destablization between ortho and vinyl protons. Given recent
interest in the importance of electron correlation effects on the evaluation of con-
jugational energy, this barrier has been examined theoretically using Mgller-Plesset
perturbation theory {11]. Full geometry optimization at the Hartree-Fock (HF) level
using the 6-31G* basis set {denoted HF/6-31G*), yields a small barrier to planarity of
170 Jmol~! and a minimum energy torsion angle of 15°, The twofold barrier height
is 12.05 kJmol™?, in reasonable accord with that determined by SVL fluorescence

and Raman spectroscopy. Remarkably, jumping to the MP2/6-31G*//HF /6-31G*

'The computational methods varied slightly: Schaefer and Penner maintained the benzene ring
as a planar hexagon, calculating seven energies from 0 to 90° in 15° increments; Bock ef al. assumed

a planar ring and vinyl group, obtaining energies at 0, 15, 30, 60 and 90°.



treatment causes a 1.1 kJ mol~! decrease in V,, even further from the most reliable
experimental values?. Fourth-order perturbation theory in the form of MP4(SDQ)/6-
31G*//HF /6-31G* brings the barrier down to 10.25 kJ mol™ .

This work is, of course, predicated on the assumption that the HF geometry is
little-changed by .correlation—gradient geomelry calculations. Supporting this assump-
tion are calculations which suggest negligible geometry effects for butadiene {14]. This
same study, however, concluded that correlation effects are very small for the barrier
in butadiene, contrasting sharply with the situation for styrene. Our own calcula-
tions demonstrate significant geometry modifications arising from correlation-gradient
MP2/6-31G* treatment. For example, bonds between carbon and hydrogen are ex-
tended by 0.01 A or more, whereas the ring-vinyl carbon-carbon bond is shortened by
as much. Furthermore, the C,,,,C,Cs angle is decreased in the planar form by 0.7°.
These changes may contribute to increased steric destablisation for planar styrene.
The energy difference between planar and perpendicular conformers in these calcu-
lations is 10.42 kJ mol~!. Single-point electron correlation computations described
above cite this difference as 10.33 kJ mol™" [11].

A more recent theoretical attempt [15] uses an approach which purports to correct
for the systematic nature of HF errors, applying scale factors to styrene bond lengths
based on known errors in benzene and butadiene computations. Again, theory pre-
dicts a small barrier to planarity and an energy minimum when the torsion angle is
about 15-20°.

In sum, the discussion surrounding the internal rotational potential of styrene is
commonly seen as one between experimentalists favouring a planar structure with
a twofold barrier around 13 kJmol™! and theoreticians claiming a small barrier to
planarity and V3 values ranging from 11 to 1.2 kJ mol~'. When each contribution is

carefully examined, however, the categories are not as straightforward, there being

2For differing views about the basis set dependence of computed barriers in benzene derivatives,

and the reliability of various approaches to accounting for electron correlation, see references [12, 13].
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disagreement among both experimentalists and theoreticians. Common to all treat-
ments is the recognition that any barrier to planarity is well below the zero-point
level, yielding a molecule which can be treated as planar with a very flat minimum
for most practical purposes.

A variety of NMR experiments has also been used to evaluate the barriers in
styrene and its derivatives. Deuterium NMR spectra of deuterated styrenes at high
field strengths display measurable quadrupolar splittings due to partial molecular
alignment which can be analyzed to reveal information about geometry and internal
motional averaging. By this method, Bothner-By et al. [16] have determined an aver-
age value for sin” # from which they obtain a purely twofold barrier of 16.7 kJ mol 1.
No attempt was made to introduce a fourfold term into the potential, limiting the
utility of this expression. Another application of NMR to address this question indi-
rectly, entails adding electron-releasing substituents in the para and {rans- J positions,
thereby increasing the conjugational energy and boosting the barrier into the region
accessible to dynamic NMR methods. Anderson observed the temperature-dependent
NMR spectra of p-dimethylaminocinnamaldehyde and p-methoxycinnamaldehyde to
obtain twofold rotational barriers of 30.5 and 25.9 kJ mol™!, respectively [17]. Dis-
cussion of these results, however, assumes a priori that styrene itself is planar.

One NMR approach which has met with reasonable success involves correlating
long-range indirect spin-spin coupling constants (IrJs) between vinyl protons and ring
protons with con.forma‘tional preferences. In general, it is well established that spin
state information can be transmitted over many bonds according to known mecha-
nisms which vary predictably with the dihedral angle describing sidechain torsion.
This procedure requires that such relationships be developed for a particular sys-
tem using derivatives containing substituents which influence conformation in a pre-
dictable way. By measuring lrJs in many similar compounds, it is possible to evaluate
the validity of the model, eventuating in a consistent picture of the angle-dependence

of intergroup J couplings.



For styrene, the seminal work using this approach appeared in 1971 {18]. Barfield
et al. showed that lrJs in ring-substituted halostyrenes could be semi-quantitatively
reproduced by molecular orbital {(MO) and valence bond calculations on styrene.
The semiempirical valence bond formalism {19] accounts only for contributions from
7-electron delocalization, maximal for planarity, and o-7 interactions, maximized
when the plane of the vinyl fragment is perpendicular to the benzene plane. In
contrast, MO results are based on all valence electrons using the INDO [20, 21] wave
functions and finite perturbation theory (FPT), thus also include contributions from
the o-framework and proximity effects.

Assuming that variations in IrJs are dominated by conformational rather than sub-
stituent effects®, these derivatives with approximately known conformations provided
a testing ground for styrene calculations. An exemplar in this regard is the utility
of the six-bond coupling to the a-proton (°J4,) for understanding vinyl torsion. In
planar styrene, the calculated value agrees with that obtained experimentally for the
planar derjvative 3-bromostyrene, whereas the large increase in magnitude observed
for the substantially non-planar 2,6-dichlorostyrene is consistent with the predicted
dominance of a o-7 coupling mechanism. In addition, seven-bond couplings to the
methylene protons were also found to agree with theoretical predictions, providing
further conformational indicators. A third potentially useful coupling is the stereo-
specific six-bond couplings to the g-proton trans to the ring where the “all-trans”
arrangement gives rise theoretically to a large, positive value transmitted via the
o-framework. Subsequent work on monofluorostyrenes has borne this out experi-
mentally [23]. Similar relationships were found for the five-bond couplings to the
a-proton.

The publication of this study preceeded the SVL and MWFT spectroscopic work
described above, so that comparison of these conformational predictions with experi-

mentally determined internal rotational potentials was not possible. With the advent

3This assumption was subsequently verified for halostyrenes by Reynolds ef al. [22].



of better instrumentation and new experimental potentials, these relationships were
re-examined by Schaefer ef al. [24]. Accepting the gas phase potential in equation 4
as valid in solution and thereby evaluating an average sin’# by the hindered rotor
treatment, Barfield’s INDO relationships were scaled to reproduce the experimental
IrJs in styrene [25]. These revised equations were applied to high-resolution NMR
data for methylstyrene derivatives to determine characteristic (sin’#) values. From
comparison of these numbers to theoretical internal rotational potentials evaluated
at the 6-31G level of MO theory there emerged a reasonably consistent picture for
the majority of IrJs. In particular, six and seven-bond couplings from the sidechain
protons to the para position are sufficiently sensitive to conformation to provide a
reliable measure of conformational bias.

An alternate development of the angle-dependence of ®J4, was constructed on the
basis of an elaborate set of modified INDO-FPT calculations [26} suggesting the exis-
tence of a spin-polarizability coupling mechanism maximised in the planar conformer
of styrene. Using molecular mechanics to predict the (sin®#) of 3, 3-dibromo-2,6-
dichlorostyrene as greater than 0.9, ®J4, was measured in this nearly perpendicular
derivative to provide an estimate for the o-m contribution. 6J4o from planar 3,5-
dichlorostyrene was taken to represent the spin-polarizability term [27]. The resulting
expression differs substantially from those of Schaefer et al. [24] and Barfield et ol
[18].

In a follow-up study [23], Schaefer and Sebastian subjected 2-, 3- and 4-fluoro-
styrenes to the same treatment with results suggestive of a slightly higher barrier for
the fluoro derivatives than in styrene itself. This conclusion is supported by theoreii-
cal evidence. Also pertinent o this discussion is the utility of stereospecific five-bond
couplings to the a-proton as indicators of conformational populations in asymmetri-
cally substituted styrenes. Based on theoretical predictions that this predominantly
o coupling should be maximal in all-frans conformers and on their relative insensi-

tivity to non-planarity, it is asserted that couplings from the meta proton situated



Figure 3: Molecular structure of phenylallene and atomic numbering scheme.

cis to the a-proton are negligible. In 3-fluorostyrene, for instance, the magnitude of
)5 relative to the sum of Js, and 513, in 4-fluorostyrene yields a frans population
of 41%. This agrees with 6-31G computations and microwave data, for which values
of 45% and 47% are obtained. A recent reinterpretation [28] of the supersonic jet
SVL fluorescence spectrumn succeeded in adjusting the conflicting ¢rans population of
25% [29] publ.ishéd in 1989 to give a population of 42%. Furthermore, the popula-
tions deduced for 2- and 3-flucrostyrene as well as the related barriers for all three
derivatives appear to be independent of solvent, lending support for the use of a gas
phase potential in solution studies. Finally, long range couplings between ring fluo-
rine and vinyl protons are discussed, demonstrating qualitative support for various
mechanisms postulated on the precedent of analogous proton-proton IrJs.

Having developed what seems to be a reliable method for evaluating rotational
barriers from IrJs in solution, a remaining problem is whether a barrier to planarity
exists in styrene. Given the importance of steric factors in destablizing the planar
conformer, it 1s of interest to examine a compound with similar conjugational energet-

ics, but lacking the steric congestion between the beta and ortho nuclei. Phenylallene




Figure 4: Molecular structure of 2-formylstyrene and atomic numbering scheme.

(Figure 3} appears to be a useful candidate for such a study. With its cumulenic car-
bon sidechain, there are expected to be no steric interactions in the region of interest,
thus permitting an estimate of the steric destablization energy in styrene. In addi-
tion, the extended 7 system in the allenic group enables measurement of "J(n = 6,7,8)
for the methylene protons and an examination of their potential as conformational
indicators.

An important test of these relationships for styrene emerges in 2-formylstyrene
(Figure 4), where the close proximity and large rotational barrier of the formyl group
force the vinyl group substantially out-of-plane, apparently without modifying the
conjugational energy of the parent molecule®. Moreover, this molecule is of interest
to photochemists because two chromophores are present in conjugation [30]. Ap-

parently, irradiation of the O-cis conformer leads to the slow formation of a spiro

4MO computations on 4-formylstyrene indicate a negligible effect upon the barrier height in the
styrene moiety (unpublished data). Specifically, in the 6-31G level computation, which is known to
closely approximate experimental barrier determinations in styrene, no difference is observed for the

barrier height in styrene and 4-formylstyrene. At the 6-31G* level, the difference is 160 J/mol.
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triene, proceeding to further reaction, while the O-trans conformer undergoes a fast
1,5-hydrogen shift under irradiation to produce a methy! group at the 3-carbon atom
[30]. Clearly, the conformational information available from high-level computations

and IrJs can illuminate the proposed photochemical mechanisms.
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2 Experimental

2.1 Synthesis of compounds

2,6-Difluorostyrene, 2-hydroxynaphthaldehyde and all compounds required for the
synthesis of phenylallene and 2-formylstyrene were obtained from Aldrich. Synthetic
routes described below for phenylallene and 2-formylstyrene were performed by Dr.
David M. MacKinnon.

Preparation of phenylallene followed the procedure published in the recent liter-
ature [31]. Bromoform was added dropwise to a solution of styrene and potassium
hydroxide and stirred under nitrogen for 10 hours at room temperature. The mixture
was extracted and dried over magnesium sulphate, yielding 1,1-dibromo-2-phenyl-
cyclopropane by vacuum distillation. This compound was dissolved in ether and
stirred vigourously with methyllithium for one minute before quenching the reac-
tion with hydrochloric acid. After work-up, phenylallene was distilled as a colourless
liquid. NMR samples were prepared immediately, due to instability of the monomer.

2-Formylstyrene was prepared from 3,4-diliydroisoquinoline by reaction with di-
methyl sulfate in a solution of sodium hydroxide exactly as described in the literature
[32]. The preparation of 3,4-dihydroisoquinoline involved treatment of N-2-phen-
ethylformamide by heat and phosphoric acid. The desired product was distilled as a

colourless oil and purified on a silica gel colummn.
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2.2 Sample preparation

All compounds were prepared as dilute solutions (Table 1). For solvents lacking

deuterium nuclei, a small amount of cyclohexane-d;, was added as an internal lock

reference. Tetramethylsilane (TMS) was added to all solutions as an aid to shimming

and chemical shift referencing in 'H and *C NMR experiments. The 2,6-difluoro-

styrene solutions also included a few drops of hexafluorobenzene for shimming and

shift referencing in the °F spectrum. All solutions were filtered into 5 mm od NMR

tubes and degassed by six cycles of the freeze-pump-thaw procedure. The tubes were

flame-sealed under vacuum such that reasonably symmetric tops were produced.

Table 1: Detailed composition of sample solutions

Compound Solvent Cone. Lock ref. Shift ref.
phenylallene acetone-dg 5.1 mol% acetone-dg 0.5 mol% TMS
benzene-dg 5.1 mol% benzene-dg 0.5 mol% TMS
2-formylstyrene acetone-dg 4.4 mol% acetone-dg 0.5 mol% TMS
CS, 56 mol% 10 mol% CgDyz 0.5 mol% TMS
2.6-difluorostyrene acetone-dg  14.8 mol% acetone-dg 0.5 mol% TMS
0.5 mol% CesFg
CS, 50 mol% 10 mol% CgDyy 0.5 mol% TMS

2.5 mol% 10 mol% CeDy2

0.5 ?’I’«‘Ol% CBFG
0.5 mol% TMS

2-OH-naphthaldehyde CCly,

13




2.3 Spectroscopy

All NMR spectra were acquired using a Bruker AM 300 spectrometer at a probe
temperature of 300 K. Due to the importance of a stable and homogeneous external
magnetic field in high-resolution NMR, the field homogeneity was typically monitored
and refined every eight scans. This was done by shimming on the free induction decay
(FID) of internal TMS to obtain an unenhanced linewidth less than 100 mH z and with
a good Lorentzian lineshape. For high-resolution 'H NMR spectra at 300.135 M Hz,
32 FIDs were recorded using acquisition times of 20 to 40 seconds, depending on the
sharpness of the resonances. The corresponding digital resolution is between 0.025
and 0.012 Hz/pt. After zero-filling to twice the original data table and multiplying
by standard resolution enhancement functions (gaussian broadening, 0.6; lorentzian
broadening, —0.1) fourier transformation produced frequency domain spectra with
linewidths of 30 mH z or narroﬁer. All chemical shifts are referenced to high frequency
of the precisely-determined TMS resonance measured from the shimming procedure.
For 2.6-difluorostyrene, 1°F NMR spectra at 282.38 M Hz were acquired similarily,
except that shimming procedures and chemical shift referencing utilized the CgFs
peak.

Carbon—l3 NMR spectra of phenylallene were obtained at 75.48 M Hz using ac-
quisition times of 20 s, resulting in a digital resolution of 0.025 Hz/pt. Fully coupled
high-resolution *C spectra were obtained for all three sidechain carbon nuclei in
benzene-dg solution and for Cg in acetone-dg solution. These natural abundance
samples required as many as 1800 scans to achieve a satisfactory signal-to-noise ra-
tio. Carbon-hydrogen couplings within the sidechain were obtained by selectively
decoupling the ring protons, which are separated from the allenyl protons by 280 Hz.
Careful adjustment of the decoupling power ensured that intrachain couplings were
not modified by residual irradiation. Chemical shifts for '*C spectra were referenced
to high frequency of the TMS resonance in survey spectra.

Numerous relative signs of long-range coupling constants were determined by par-
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tial decoupling experiments [33]. Each sign determination is detailed in the text of
section 3, and a more complete description is outlined with reference to phenylallene
on page 37.

Spectra were analyzed using NUMMRIT, an extensively modified incarnation of
NUMARIT [34], as embodied in the graphical user interface Xsim [35]. Proton and
fluorine spectral analyses were carried out simultaneously, whereas carbon spectra
were analysed separately for each carbon nucleus, owing to the vanishing proba-
bility of finding mutually coupled *C nuclei. For the sign determination of *Jg 0
in 2-hydroxynaphthaldehyde, the spectrum was sufficiently complicated to preclude
analysis by simple inspection. The program DOR [36], also available in the Xsim
package, was used to disentangle the transitions and determine the relative sign.

While some difficulties were encountered in the analysis of the 2-hydroxynaph-
thaldehyde spectrum, many spectral parameters are certain. For this reason, a full
discussion of this compound is not undertaken herein. Some points of interest, how-
ever, are mentioﬁed in Section 4.

For 2,6-difluorostyrene, data from MO computations and NMR analyses appear
to conflict. Further study is required to fully understand the nature of the internal
rotational potential in this compound. A brief discussion of the available evidence is

offered in Section 4.
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2.4 Computations

Molecular orbital calculations of 2,6-difluorostyrene, 2-formylstyrene, phenylallene,
2-hydroxynaphthaldehyde, styrene and 2,6-dichlorostyrene were performed using the
program Gaussian 92 [37] installed on an IBM RS/6000 minicomputer. Hartree-Fock
(HF) self consistent field (SCF) computations employed various basis sets available
within this system as well as the semi-empirical AM1 algorithm [38]. Electron cor-
relation was introduced using second-order Mgller-Plesset perturbation theory with
the 6-31G* basis. Computational details for each molecule are given within the text
of section 3. In general, all geometric parameters were allowed to vary for a given
value of the relevant torsion angle, #, with the additional constraint that the benzene
moiety remain planar. Total energies were evaluated for 15° increments of 8, span-
ning the appropriate range. At local minima, 6 was allowed to relax, resulting in full
geometry optimization.

These potentials were fit to equation 1 with NLIN, a non-linear regression sub-
routine within the SAS package. Plots of these functions were obtained using the
SAS/Graph library’s interpolation program and SigmaPlot version 1.02 from Jandel
Scientific. Classical expectation values at 300 K were evaluated using the MAPLE V
software package from the University of Waterloo.

Coupling constants were calculated using the INDO MO FPT approximation
[20, 21] on the geometries obtained at HF/6-31G* in most cases. Conformational
dependencies of these couplings were fit to various functions in cos?f, sin®# and

sin®(6,/2) using NLIN.
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3 Results and Discussion

3.1 Phenylallene
3.1.1 Proton NMR

Proton NMR data from the phenylallene solutions described in Table 1 are detailed
in Tables 2 and 3. Chemical shifts and coupling constants are given in units of hertz
(Hz). Numbers in parentheses are standard deviations in the last significant digit,
as given by the NUMMRIT analysis. The spectra were treated as arising from an
ABB/CC’XY, spin system. Representative examples® of spectral fits are displayed in
Figures 5 to 19. The relative signs of long-range indirect spin-spin coupling constants
(IrJs) from the methylene protons to the ring protons were determined by partial
decoupling experiments {33]. A detailed description of this procedure is given in
section 3.1.2 on page 37 with examples shown in Figures 20 to 23. The methylene
spectral region could not be fit in the absence of a small, positive dipolar coupling
between these protons (Figure 19).

The survey spectrum of phenylallene in acetone-dg was initially puzzling, the aro-
matic region containing only two multiplets, separated by less than 5 I{ 2, and a weak,
broadly distributed signal 30 Hz to low frequency (Figure 5). Assuming the origin
of this unique spectral pattern to be in strong second-order phenomena, a dilute
solution of phenylallene in benzene-dg was prepared, and the resulting aromatic spec-
trum was sufficiently well-distributed to be analysable (Figure 13). On reapproaching
the spectrum of the acetone-dg solution with spectral parameters obtained from the
analysis of the benzene-dg solution, it was possible to reproduce the entire spectrum
theoretically. The chemical shift difference between the ortho and meta protons in

acetone-dg is 0.82 Hz (0.0027 ppm), giving rise to a spectrumn dominated by two

SThe computer program used to generate graphics in this document tends to introduce slight
distortions into the spectra. Original experimental and theoretical spectral lineshapes are lorentzian

OF gaussian.




Table 2: 'H NMR spectral parameters for phenylallene solutions in acetone-dgs and

benzene-dg, excluding coupling constants between sidechain protons and ring nuclei.

Parameter acetone-dg benzene-dg
vy = Vg 2193.0697(9) 2164.4456(4)
V3 = Us 2192.251(1) 2133.8651(4)
vy 2158.7552(6) 2101.5166(5)
Ve 1875.0779(9) 1813.4647(5)
Uy 1550.2593(8) 1458.0003(6)
Ay - 6.8560{9) - 6.8105(6)
STz = Jse 7.779(1) 7.7768(6)
SJaq = 2Jys 7.470(2)* 7.4419(5)
tJaa =14 1.214(2)° 1.2434(5)
* 26 1.914(2) 1.9028(8)
4 s 1.427(2) 1.4327(8)
Sz = Vs 0.609(1) 0.6046(6)
D, . + 0.0124(5) + 0.0150(4)
Calculated trans. 826 826
Assigned frans. 622 617
Observed peaks 320 405
Largest difference 0.017 0.011
RMS deviation 0.008 0.005

a) These parameters are correlated by 0.875.
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Table 3: 'H NMR coupling constants between sidechain and ring protons for phenyl-

allene solutions

Parameter acetone-dg  benzene-dg

e - 0.376(1)° - 0.3801(5)
6 Ja - 0.583(1)* -~ 0.5789(5)
5o +0.282(1)°  + 0.2861(5)
" T3 +0.207(1)"  + 0.2048(4)
Jio - 0213(1) - 0.2108(7)
8 T4 ~0.6097(8) - 0.6038(6)
a) These parameters are correlated by 0.563  b) These parameters correlated by

0.554.

prominent bands of peaks separated by 4.3 Hz, roughly the average value of para
couplings to the ortho and meta protons (Table 2).

The presence of a small dipolar coupling between the methylene protons D.,, arises
from partial alignment of phenylallene in the external magnetic field. The spectral
consequences of this incompletely averaged coupling are shown in Figure 19, where it
can be seen that distinct splittings are observed in the high frequency portion of the
methylene doublet. Introduction of a negative coupling of the same magnitude splits
the peaks in the low frequency portion of the doublet,

The positive sign of D.,, is consistent with the emerging conformational description
of phenylallene. In particular, IrJs and MO computations, discussed below, suggest a
predominantly planar molecule, with a (sin?#) of about 0.1. For this conformation,
the methylene interproton vector is perpendicular to the plane of the molecule. Given
the sign of the diamagnetic anisotropy for aromatic molecules, a positive dipolar
coupling is, indeed, anticipated [39, 40]. For the perpendicular conformer, therefore,

this dipolar coupling would be negative. In view of this, if the anisotropy of the
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diamagnetic susceptibility were known, along with the internuclear distance between
the methylene protons in phenylallene, one could relate 7)., to the torsional potential.
Furthermore, if the calculated potential is, in fact, correct, and if the molecule orients
in the same way as benzene, then the signs of the ring proton coupling constants to the
gamma protons are absolute, and independent of the sign determinations described
below.

The magnitude of D.., differs slightly for phenylallene solutions in acetone-dg and
benzene-dg, the values being 12.4(5) and 15.0(4) mH 2, respectively. Initially, one may
be tempted to conclude that this signifies a solvent-dependent change in the barrier.
It is also necessary, however, to consider that the alignment factor may be higher
in benzene-dg solution, thus increasing the observed dipolar coupling. A strategy for
assessing alignment factors and the diamagnetic anisotropy uncomplicated by internal
rotation would require deuteration at a ring proton, as described in references [39, 40].
Another approach might be to take advantage of the fact that I) varies as the square
of the applied magnetic field. At 500 M'Hz; then, I),, would be 34 and 42 mHz,
for acetone-dg and benzene-dg, still rather small. The available experimental data,
therefore, do not permit adjudication between these two factors, or indeed any solid
conclusion in this connection.

Observation of a finite dipolar coupling constant necessitates considering poten-
tial dipolar contributions to other, closely situated protons. Because, however, the
magnitude of D.. decreases as the cube of internuclear distance, only intraring ortho
couplings may be affected. The close approach of the alpha and ortho protons in the
planar conformer may also qualify for consideration. Furthermore, for dipolar vectors
parallel to the molecular plane, the geometric scaling factor is — 3, in contrast to the
+1 factor for perpendicular dipolar vectors. Accordingly, no improvement in spectral
fits were realized on introduction of these small, negative dipolar couplings, but the
corresponding Js may be assumed to have an uncertainty of about 3 mHz. More

pertinent, perhaps, is the observed solvent-dependence of the proton-proton indirect
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spin-spin coupling constants within the phenyl ring (Table 2). This dependence is
larger than the expected dipolar coupling constants, as documented for a wide variety

of benzene derivatives (see, for example, references [417 and {42].)
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Hz 2190.0 2170.0 2150.0

Figure 5: 'H NMR spectrum of phenylallene aromatic region in acetone-ds. A) The-

oretical spectrum; B) Experimental spectrum.
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Figure 6: '"H NMR spectrum of phenylallene ortho and meta protons in acetone-ds.

A) Theoretical spectrum with a linewidth of 0.05 Hz; B) Experimental spectrum.
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Figure 7: 'H NMR spectrum of phenylallene para region in acetone-dg. A) Theoret ical

spectrum with a linewidth of 0.05 Hz; B) Experimental spectrum.
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Figure 8 'H NMR spectral fragment of phenylallene para region in acetone-ds. A)

Theoretical spectrum with a linewidth of 0.04 Hz; B) Experimental spectrum.
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Figure 9: '"H NMR spectrum of phenylallene alpha region in acetone-ds. A) Theoret-

ical spectrum; B) Experimental spectrum.
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Figure 10: 'H NMR spectrum of the low frequency portion of the phenylallene al-
pha region in acetone-ds. A) Theoretical spectrum with a linewidth of 0.05 Hz; B)

Experimental spectrum.
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Figure 11: H NMR spectrum of the high frequency portion of the phenylallene
gamma ‘doublet’ in acetone-ds. A) Theoretical spectrum with a linewidth of 0.04

Hz; B) Experimental spectrum.
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Figure 12: 'H NMR spectrum of the low frequency portion of the phenylallene gamma
‘doublet’ in acetone-dg. A) Theoretical spectrum with a linewidth of 0.04 Hz; B)

Experimental spectrum,



2160.0 2140.0 2120.0 2100.0 Hz

Figure 13: 'H NMR spectrum of phenylallene aromatic region in benzene-ds. A)

Theoretical spectrum; B) Experimental spectrum.



I ! i 1 1
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Figure 14: 'H NMR spectrum of high frequency portion of phenylallene ortho ‘dou-
blet’ in benzene-ds. A) Theoretical spectrum with a linewidth of 0.035 Hz; B) Ex-

perimental spectrum.

31



I - I ’ I |
Hz 2163.0 2161.0 2159.0 2157.0

Figure 15: *H NMR spectrum of low frequency region of phenylallene ortho protons in
benzene-dg. A) Theoretical spectrum with a linewidth of 0.035 Hz; B) Experimental

spectrum.
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Figure 17: 'H NMR spectrum of phenylallene para protons in benzene-ds. A) Theo-

retical spectrum with a linewidth of 0.035 Hz; B) Experimental spectrum.
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Figure 18: 'H NMR spectrum of high frequen__cy portion of phenylallene alpha ‘triplet’
in benzene-ds. A} Theoretical spectrum with a linewidth of 0.035 Hz; B) Experimen-

tal spectrum.
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Figure 19: 'H NMR spectrum of phenylallene methylene protons in benzene-ds. A)
Best fit theoretical spectrum in the absence of a dipolar coupling between these pro-
tons; B} Best fit theoretical spectrum with a positive dipolar coupling of 0.0150(4)

Hz; C) Experimental spectrum.
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3.1.2 Sign Determinations

The relative signs of indirect spin-spin coupling constants can be determined by double
resonance experiments given favourable spectral conditions [33]. NMR transitions
depend on the local magnetic environment, each transition corresponding to a specific
spin orientation of other coupled nuclei. Spin states can be assigned labels, following
the convention that for a positive sign, the spin state of the high frequency transition
is labelled “4+7 and the low frequency transition is labelled “-”. Weak irradiation
of a particular transition will perturb only transitions, observed in the spectra of
other nuclei, which share a common energy level. Since the high-resolution NMR
Hamiltonian is symmetric with respect to the reversal of all signs, only relative signs
can be determined in this way.

Figure 20 shows the labelling of the gamma proton spin states for each transition
of the alpha proton given that the four-bond coupling between them, J,., is nega-
tive [43, 44, 45]. Present in each portion of the ‘triplet’ are small splittings arising
from couplings to ring protons (see Figure 18). Weakly irradiating the peak bands
for a given spin state of the gamma protons will result in the decoupling (or per-
turbation) of only those transitions associated with that given gamma spin state.
Figure 21 illustrates the collapse of the doublet in the para proton spectrum related
to the gamma protons by a negative coupling. Had ®J4, been positive, the doublet
at 2095.4 Hz would have collapsed. A second experiment (not shown) verified this
sign. Similar procedures were carried out to determine the relative signs for 7Js, and

6J4, (Figures 22 and 23).
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1824 1819 1814 1808 1804 Hz

Figure 20: 'H NMR spectrum of the alpha proton in phenylallene in benzene-dg
solution with gamma proton spin states labelled according to convention given that

*J oy is negative (see text for details). Frequencies of irradiation in experiments 1 and

2 are indicated by arrows.
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Figure 21: Sign determination of 8J,. A) Il NMR spectrum of the low frequency
portion of the para proton ‘triplet’ in phenylallene; B) The same region while weakly
irradiating the alpha proton for a positive sp-ir; state of the gamma protons (experi-
ment 1 in figure 20). Given signs are based on a negative ®],, and confirmed by the
collapse of the starred doublet. The apparent difference in the noise level is due to

differing levels of resolution enhancement.
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Figure 22: Sign determination of "J3,. A) 'H NMR spectrum of the low frequency
portion of the meta proton ‘triplet’ in phenylallene; B) The same region while weakly
irradiating the alpha proton for a negative spin state of the gamma protons (experi-
ment 2 in figure 20). Given signs are based on a positive "Js, and confirmed by the

collapse of the starred doublets.
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Figure 23: Sign determination of J;,. A) 'H NMR spectrum of the low frequency
portion of the ortho proton ‘doublet’ in phenylallene; B) The same region while weakly
irradiating the alpha proton for a positive spin state of the gamma protons (experi-
ment 1 in figure 20). Given signs are based on a negative ®J,, and and confirmed by

the perturbation of the starred doublets.
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3.1.3 Carbon-13 NMBR

Carbon-13 NMR data for the sidechain in phenylallene are listed in Tables 4 and
5. Figures 24 through 30 showcase selected spectral regions and theoretical fits. The
signs of coupling constants within the allenyl group (Table 4) are known [46}, whereas
those of the intergroup coupling constants (Table 5) are based on theory or analogous
compounds.

spectra of phenylallene in acetone-dgs solution with decoupled ring protons (Fig-
ures 24 to 26} were analysed as arising from an AB;X spin system, where X represents
the alpha, beta or gamma carbon. Fully coupled 13C NMR spectra of the phenylallene
sidechain in benzene-ds solution (Figure 28 fo 30) were analysed as ABB'CC'MXY,
spin systems, where M is the appropriate sidechain carbon. Good fits were obtained
for these cases, given the spectral complexity and poor signal-to-noise ratio. Fully
coupled spectra of Cg, acquired in both solvents, proved more difficult to analyse.
A satisfactory fit for the benzene-dg solution was obtained, but the extreme second-
order character of the ortho and meta protons in acetone-ds solution precluded an
acceptable analysis of Cys in this solvent. The spectral consequences of virtual cou-
pling show that the associated coupling constants, *J(H,, Cj) and 3J(Ha,, Cjs), have
opposite signs.

One striking observation is the decreese in 'J{H,,C,) and 'J(H,,,C,), of 3.9 and
1.0 Hz on moving from the benzene-ds solution to the polar acetone-ds solution.
The neat compound, containing also 10% v/v benzene-ds and 5% v/v TMS, yields
a 'J(H,,Cy) of 161.5(3) Hz [46], which lies-in between the values determined in
acetone-dg and benzene-dg solutions. In most cases, an increase is observed in pass-
ing to a more polar environment [47, 48, 49], as understood by models in which the
electric field from the solvent causes a redistribution of charge in the whole molecule
containing the C-H bond [47]. If, however, charge redistribution is localized in the
bond, a decrease is indeed predicted {47]. Why this should be the case for the al-

lenyl moiety is unknown, and would benefit from further study for a number of its

42



derivatives.

Solvent perturbations of other spectral parameters in Table 4 are also observed.
Two- and three-bond carbon-hydrogen coupling constants shift by a few percent.
Such perturbations have not been previously reported. Carbon-13 NMR chemical
shifts in the allenyl group display solvent effects as large as 0.54 ppm and vary in
sign. Different yet, are those shifts reported for a 2 M solution of phenylallene in
CDCl; [50]. Chemical shift computations of the free molecule would be of interest,

and appear possible, judging from satisfactory results for allene {51].
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Table 4: Selected *C NMR spectral parameters in phenylallene

a) Chemical shifts are in ppm, to high frequency of the TMS resonance at 75.48 M H z;

J couplings are in Hz.

less than 0.01 Hz.

Table 5: Long-range "Jyg o (Hz) in phenylallene from **C NMR spectra.

Parameler® acetone-dgs benzene-dg
v(Cy) 94.273 94.391
v(Cp) 210.404 209.868
I/(C ) 78.887 78.605
YVI(H,, C%) 158.65 162.53
YJ(H,,C.) 167.25 168.23
tJ(H,,Cp) -3.27 - 3.45
2J(H,,Cs) - 4.46 - 4.46
SJ(H,,Cy) 8.08 8.16
3J(HQ,,C ) 6.99 7.18

b) Standard deviations as given by the spectral analysis are

¢) Signs within the allenyl fragment are known [46].

Parameter® benzene-dg Parameler benzene-dg
SJ(Hy, Cy) (+1)5.36 8J(Hs, C)  (-)0.04(2)
J(H,, Cp) (-)0.62 SJ(Hg, Cy) (4091
2J(H,y, C.) (+)0.43 8J(Hy Cg)  (-)0.42
AJ(H;z, Ca) (4)0.80 TI(Hy, C)  (+4)0.28
5J(Hj, Cp) (+)0.22

a} Standard deviations as given by the spectral analysis are less than 0.01 Hz unless

otherwise indicated.

compounds.

b) Signs in parentheses are based on theory or analogous
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Figure 24: °C NMR spectrum of phenylallene alpha carbon in acetone-dg with ring
protons decoupled. A) Theoretical spectrum with a linewidth of 0.2 Hz; B) Experi-

mental spectrum.

45



o

I ' | ! ! ' I ! \

Hz 15886.0 15882.0 15878.0 15874.0 15870.0

Figure 25: *C NMR spectrum of phenylallene beta carbon in acetone-dg with ring
protons decoupled. A) Theoretical spectrum with a linewidth of 0.2 Hz; B) Experi-

mental spectrum.
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Figure 26: ¥C NMR spectrum of phenylallene gamma carbon in acetone-dg with

ring protons decoupled. A} Theoretical spectrum with a linewidth of 0.2 Hz; B)

Experimental spectrum.




Hz 15884.0

15880.0

15876.0

15872.0



I

S 1 I
WJM\)\AWVW | le M L‘MWM . b"J W\Mﬂ j }L] MW L‘ J&W‘MMWW

Figure 28: ®C NMR spectrum of the high frequency portion of the fully coupled
phenylallene alpha carbon ‘doublet’ in benzene-dg. A) Theoretical spectrum with a

linewidth of 0.08 Hz; B) Experimental spectrum.
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Figure 29: *C NMR spectrum of fully coupled phenylallene beta carbon in benzene-
ds. A) Theoretical spectrum with a linewidth of 0.13 Hz; B) Experimental spectrum.

(Poor spectral appearance is due to distortions introduced at the reproduction stage.)
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Figure 30: '®C NMR spectrum of the low frequency portion of the fully coupled
phenylallene gamma carbon ‘triplet’ in benzene-dg. A) Theoretical spectrum with a

linewidth of 0.08 Hz; B) Experimental spectrum.

51




3.1.4 Molecular Orbital Computations

The theoretical energies, computed for various angles of the torsion, # , are reproduced
in Table 6. For each basis set, these energies were fit to the potential function of
‘equation 1, yielding the twofold and fourfold components listed in Table 7. Table 7
also compares these values with similar computations on styrene [9, 10, 11}. Figure 31
illustrates the shapes and relative rnagnitudeé of the various computed potentials for
phenylallene.

Not included in Table T are the potential functions for styrene and phenylallene as
computed using the AM1 algorithm. Phenylallene computations give a barrier height
of 7.42(1) kJmol™!, and an AM1 value for the height of styrene’s potential is 6.07
kJ mol™! [52]. Scaling factors relating AM1 barriers to experimental barriers have
been investigated by Meier et al. [52], who suggest that for styrene, the AM1 barrier
must be multiplied by 2.1. The average scale factor over a survey of eight similarly
conjugated molecules is 1.9 & 0.25. Applying these empirically-determined factors to
phenylallene AM! data gives a twofold potential of 15.6 and 14.1 £+ 1.9 kJ mol™1,
respectively. These values are reasonably close to the MP2/6-31G™ barrier height of
16.0 k£J mol™" (Table 6).

As discussed in section 1, the experimental barrier height in styrene is commonly
taken to be 12.8(1) or 13.8(2) kJ mol™!, determined by supersonic jet fluorescence
spectroscopy [4] or microwave spectroscopy [3]. It is apparent from Table 7 that
the 6-31G value of 13.2 kJ mol™! [10] agrees best with these values, wheras a larger
basis set, 6-31G*, gives an unacceptably low barrier [11}. From the viewpoint of
the unknown barrier in phenylallene, it is interesting that each basis set yields a
barrier higher by nearly 4.0 kJ mol~? than for styrene (Figure 32). This difference
can be considered a rough estimate of the destablization of planar styrene due to
steric repulsion between the ortho and §-cis C-H bonds (Figure 1). Moreover, in
contrast to styrene, where the MP2/6-31G* barrier is 1.1 kJ mol~! lower than the
HF/6-31G* barrier [11], the MP2/6-31G* computation does not alter the barrier in
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phenylallene. Since the origin of this barrier reduction in styrene is likely the tendency

of MP2 calculations to lengthen C-H bonds, thus inereasing steric strain, the absence
of this effect in phenyla.llene lends credence to the importance of the steric factor.
This approximation is also consistent with that obtained by Bothner-By et al. [16],
in their analysis of deuterium quadrupolar splittings of partially aligned styrene-a-d.
Their inclusion of a cos’®# term in a trial potential energy function to model the
steric repulsion energy suggested an upper limit of 4.2 kJ mol ™).

According to the potentials in Table 7, the expectation values of {cos®§) at 300 K
are 0.90 and 0.83 for 6-31G level computations of phenylallene and styrene, respec-
tively, implying somewhat lower conjugation inthe latter. Supporting this notion, the
chemical shifts of the C4 nuclei, often taken to be indicative of the extent of 7 electron
transfer, are 128.5, 127.6 and 126.6 ppm for benzene, styrene and phenylallene [53]°.
As expected from the (cos? #) values, unity corresponding to most effective = overlap,
the allenyl group transfers slightly more electron density to the phenyl ring than does
the vinyl group. The para proton of phenylallene is also more shielded, by 0.03 ppm,
than in styrene, in acetone-dg solution’. This argument does not address the intrinsic
7 donation characteristics of the vinyl and allenyl groups, indeed assuming them to
be a.boﬁt equal; it rather suggests that steric forces, which act conformationally to
somewhat inhibit 7 conjugation in styrene, are absent in phenylallene.

The MP2/6-31G* (frozen-core) structure of the planar and perpendicular conform-
ers of phenylallene may be of interest to molecular spectroscopists (Figures 33 and
34). The computed rotational constants are 4.57923, 0.99314 and 0.82072 GHz for
planar phenylallene, and 4.18214, 0.967747 and 0.867967 (GH z for the perpendicular
conformer at the equilibrium geometry. The height of the internal rotational barrier

is calculated as 16.0 kJ mol™?, so that the planar conformer is presumably the more

SReference [53] does not appear to give the 1*C NMR chemical shifts for phenylallene, although

they are cited in reference [54i as coming from the former.
"The shift for styrene was measured at a concentration of 16 mol% [25], whereas that for phenyi-

allene was at 5.1 mol%.
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relevant of the two. There are some significant changes predicted in the bond angles
at the first exocyclic carbon atom on twisting the sidechain out of plane, which im-
ply a small measure of repulsion in the planar form. The exocyclic Csp*~Csp? bond
length increases by nearly 0.02 A in the perpendicular form, likely from the reduction
of conjugational forces. Comparison of the planar conformer with an MP2/6-31G*
structure of allene [55], in which the C=C bond length is 1.313 A, suggests a slight
lengthening of the C,~Cg bond. This lengthening may imply some delocalization into
the C;-C, bond.
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Table 6: Theoretical conformational energies (kJ mol~!) for phenylallene

g° AM1 STO-3G 6-31G  6-31G* 6-31G** MP2/6-31G™
0.0 0.000 0.000* 0.000 0.600 0.000 0.000°
150 0.375  1.123 0.868  0.786 0.782 —

30.6 1524  4.383 3.441  3.145 3.131 —

45.0 3.312  9.250 7434  6.858 6.836 —

60.0 5.282 14.543 11.984 11.146 11.117 —

75.0 6.806 18.671  15.697 14.694 14.660 —

90.0 7.415 20.289 17.215 16.158  16.122 16.040°

a) The total computed energies for the planar conformer with STO-3G to MP2/6-
31G" bases were —341.182752, —345.295485, —345.414641, —345.429114, and
—346.543821 qu, in that order.  b) These represent correlation-gradient (post-HF

geometry optimization) calculations.

Table 7: Theoretical internal rotational potentials (kJmol™!) for phenylallene (PHA)
and styrene (STY)

STO-3G §-31G 6-31G* 6-51G7
Parameler PHA STY* PHA STY* PHA S5TY® PHA
Vo 20.26(2) 16.28(8) 17.16(1) 13.19(15) 16.07(1) 12.016(8) 16.06(1)
Vg4 - 0.88{(2) -3.00(7) -1.15(1) -3.18(15) -1.22(1) -3.127(8) - 1.20(1)
(sin? 8) 0.075 0.130 0.095 “(].7‘167 0.103 0.183 0.103
{&) 13.0 17.9 14.8 21.0 15.5 22.3 15.5

a} STO-3G barrier {or styrene taken from reference [9].  b) 6-31G barrier for styrene
from reference [10].  c¢) 6-31G* styrene barrier derived from data reported in refer-

ence [11]. A slightly better fit is obtained if a sixfold component of — 0.11 kJ mol™1

is included.
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Figure 31: Theoretical internal rotational potentials for phenylallene computed using
the indicated basis sets. The 6-31G* and 6-31G** potentials differ by only about 10

Jmol™! and are indistinguishable at this scale’
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Figure 32: Comparison of the 6-31G level internal rotational potentials in phenylallene

and styrene. The angle, ¢, represents torsion about the exocyclic Csp®~Csp® bond.
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Figure 33: Computed MP2/6-31G™ structure of planar phenylallene.
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Figure 34: Computed MP2/6-31G* structure of perpendicular phenylallene. Note

that the sidechain is not drawn in projection, it being more convenient to indicate

bond parameters in the structure as drawn.
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3.1.5 Long range coupling constants, "J{H, ..., Hatlenyi)

INDO MO FPT computations [20, 21] yielded " J(H ing, Haitenyt) as a function of the
torsion angle, 8, for the 6-31G™ structures. Computed values were fit to plausible
functions of €, as summarized in Table 8. Figures 35 and 37 depict these functions
graphically. In all functional relationships discussed, "J are in units of Hz. Errors
associated with the coefficients, A to D, are less than 0.01 Hz, unless otherwise
indicated.

Included in Table 8 is a factor by which theoretical "J couplings must be scaled to
reproduce the experimental values. From MO computations of the internal rotational
potential, {sin®#) is assumed to be 0.103, and for an evenfold potential, (sin®(#/2)) is
0.5. It is notable that INDO MO FPT calculations are notorious for overestimating
contributions arising from o electrons. This is especially evident for couplings with
a potentially all-irans pathway. The factor i'h75J3,o,, for instance, is smaller than for

8J4~. Other such scaling factors can also be understood in this way.

The gamma protons

Theoretically, the eight-bond coupling to the gamma protons can be written:
8Jsy = —0.79(1) +0.73(3) sin® 4.

An equivalent expression, more illustrative for dissecting spin transmission mecha-

nisms, 18

8Js, = —0.06sin? 8 — 0.79 cos? 8.

This latter representation strongly implies the coupling mechanism mediated by 7
electrons, as shown in Figure 36. Specifically, the diagram in this figure depicts the
benzene plane lying perpendicular to the page, so that its 2pr orbitals are situated
in the plane of the page. Thus, for planar phenylallene, the interproton methylene
vector is also parallel to the page. Uncrossed arrows denote electron spin states, and

crossed arrows indicate the spin state of the proton. Since there is no 7 electron
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Table 8 INDO MO FPT computations of intergroup "Jy gy (Hz) in HF/6-31G™

structure of phenylallene. Planar molecule, (# = 0°} is depicted in Figure 3.

Coupling Be ct De Factor?
R -1.22 - 0.50 -0.19 0.56
63 - 0.39(2) - 0.96 — 0.64
534 0.36 0.25 0.81 0.42
" T3 0.36 0.52 — 0.41
5 Jta - 1.009(1) -0.228(1) — 0.69
BTy - 0.06 - 0.79(3) — 0.85

a) Coefficient of sin?#;  b) Coeflicient of cos?8; ¢} Coeflicient of sin?(§/2); d)
Factor by which the theoretical coupling must be multiplied to reproduce experiment

(see text).

density at the nucleus, nuclear spin information is transmitted via the familiar o-7
spin polarization mechanism. The relationship between the Hy nuclear spin state and
the Cy4 electron spin state is defined by the hyperfine interaction parameter, Q. In
general, the first symbol in the subscfipt represents the atom carrying the unpaired
spin, the two subscripts together indicate the bond being spin polarized, and the
superscript designates the nucleus coupled to the unpaired electron. QE, is negative,
leading to a parallel orientation of the 7 electon at C4. The electron spin correlation
along the extended 7 system gives rise to the indicated spin state at Cg. This spin
state is, in turn, related to that of H, by another o-7, or hyperconjugative interaction,
QX.};, which is known to be positive. By this simple mechanism, H4 and H,, can be
seen to have parallel spins, thus defining a negative 8J, ..

Intuitively, one can appreciate that as @ increases from zero, the 7 electron spin
correlation decreases, vanishing when # reaches 90° . The computed angle dependence

of 8Jy., agrees with this model. The semiempirical, INDO MO FPT computational
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Figure 36: Spin state transmission in phenylallene

scheme predicts the qualitative conformational dependence of long range coupling
constants rather well [57], especially for pure = electron mechanisins, but is not ex-
pected, in general, to provide quantitative results. One approach to a calibration
of the computations, for the present molecule, is to compare the measured *J, ., of
—6.83(2) Hz, also a 7 electron coupling constant [45], with the computed number.
The theoretical *J, , varies less than 5% with rotation about @ , with an average value
of —8.0 Hz. The resulting ratio is 0.85. Of course, this approach does not account
for computational errors at the 4 site, nor the computation of the n electron spin
correlation at the Cy and C, sites. Judging from the success of similar computations
for "Jy 4 in styrene, however, which is also a pure 7 electron coupling constant, this
calibration seems reasonable [18, 24, 25]. If the above expression is reduced by this

factor,
8Jany = —0.67(1) + 0.62(2) sin* 4.
Considering the average value of 8Jy, obtaiﬁéd in the two solvents, —0.607 Hz (Ta-
ble 2), this relationship predicts (sin?#) to be 0.102(4) at 300 K.
It so happens that this expectation value agrees exactly with those computed for
the free molecule from the 6-31G* and 6-31G™ potentials (Table 7). It is also true
that 8J,., is essentially the same in both the polar and non-polar solvent. Naturally,

it does not follow that the internal rotational potential of phenylallene is independent
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of solvent, yet this certainly appears to be the case for some non-polar molecules.
The potential in ethylbenzene, for instance, seems to be solvent-independent [58].
By contrast, the internal rotational potential in the relatively polar benzyl fluoride,
changes by 2 kJ mol™! in passing from CS, to acetone-ds solution {59]. Its dipole
moment is 1.77 ) in benzene solution [60], whereas the computed dipole moments
for phenylallene planar and perpendicular conformers are 0.078 and 0.076 D at the
6-31G™ level. Furthermore, spin-spin coupling constants in styrene and a number of
its derivatives have been interpreted on the basis of such an invariance [23, 24]. From
these considerations, the ensuing discussion of Irds in phenylallene is predicated on
the assumption that the internal potential is unaltered by the solvents used.

The seven-bond coupling to H,, from the meta position of phenyl ring, is 0.206
Hz. Based on the diagram in Figure 36, it seems unlikely that this coupling constant
is transmitted by a mechanism other than the 7 electron system delineated for 5J,.,.
The positive sign of "J3., as determined by spin tickling experiments and verified
by the sign of D, ., can be explained by the anti-parallel spin orientations depicted
in Figure 36. The magnitude of ".J5, is about one-third of that for 8J,.. This can
be understood from the notion that spin correlation for atoms belonging to different
classes (starred or unstarred) is larger in magnitude than between atoms of the same
class [19, 61]. A suggestive set of numbers is the Hiickel bond orders for the carbons
of benzene: % for ortho-bonded carbons and zero for meta.

The INDO MO FPT results, given by
"Jay = 0.52 cos” 8 + 0.36 sin” 0,

do not conform to the mechanism postulated above, leading to a large coupling, 0.36
Hz, for the perpendicular conformer. On this model, one expects "Js, to become
very small, or indeed, vanish completely, at § = 90° . Confirmation of this prediction
would require a derivative of phenylallene characterized by a large average torsion
angle.

In terms of the present model, the ratio "Jy,/%Js, = ~0.34 is a measure of
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the proportion of the 7 electron contributions, at meta and para sites, to coupling
constants involving nuclei in the sidechain of benzene derivatives. There has been
some uncertainty about this ratio, for example, in toluene [62] and other alkyl ben-
zene derivatives [63]. The utility of such a measurement lies in the fact that some
coupling constants, particularily 5J(H,era, CH), can have substantial stereospecif-
ic o components which may be useful for determining conformational populations
[63, 64]. Subtraction of a known 7 electron component can increase the precision of
this determination.

One striking feature of ®J;, is its near equality with 8J,.,. Average values from
the two solutions are —0.581(3) and —0.607(4) Hz, respectively. The implication,
that the 7 electron contributions to these coupling constants are effectively equal, is
unexpected from the viewpoint of the bond orders available from molecular orbital
theory, where *J is proportional to the square of a mobile bond order {65, 66, 67, 68].
However, other formulations, based on valence bond theory [61, 66], find "J propor-
tional to a bond order, variously defined [66, 69]. Some theoretical developments
do, indeed, predict nearly equal contributions of the = electron contributions to the
coupling constants between ortho and between para protons in benzene [19].

The INDO MO FPT computation for this coupling vields
61y, = —0.96 cos?§ — 0.39sin? 4.

After reduction by a factor of 0.85, as for ®J4,, this expression implies a coupling of
—0.33 Hz in the perpendicular conformer. In the absence of an additional mechanism

which is operative in this conformation, the INDO MO FPT result is inexplicable.
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The alpha proton

The coupling constant, ®J,,, in styrene consists of two components, one due to a =
electron mechanism analogous to the one in Figure 36 and the other arising from a g-7
mechanism. The former depends on cos? 4, and the latter on sin® 8 [18]. Two empirical

developments of this relationship have produced somewhat different potentials:
8Jio = —0.149 cos® 6 — 0.597sin% 6 [24],

and
®J4o = —0.130 cos® 6 — 0.800sin? 4 [27).
If these expressions are applied to phenylallene, with a {sin?#) of 0.103, as above,
they predict ®Jy, as —0.195 Hz and —0.199 Hz, respectively. The average of the
experimental values is —0.212(1) Hz (Table 2).
INDO MO FPT computations for phenylallene overestimate the magnitudes of

the coeflicients, as for styrene [24], yielding
8 Jiq = —0.228(1) cos® @ — 1.009(1) sin’ 0.

Reduction of both terms by a factor of .69 produces agreement with the experimental
value:
8J10 = —0.157(1) cos® f — 0.696(1) sin® 6.

INDO’s prediction of ®J3 , for phenylallene demonstrates the abovementioned ten-
dency for overestimates of o electron pathways. Similar overestimates are calculated
for toluene [62, 64] and benzaldehyde [70], to name only two. Specifically, for phenyl-
allene, INDO MO FPT computes

5J3.0 = 0.25cos® 0 + 0.36 sin? 8 + 0.81 sin*(6/2).

The calculated value, given the appropriate angular terms, is 0.67 Hz, contrasting
with the measured coupling of 0.284(2) Hz. An adjusted expression, which better
conforms to the empirical data and current understanding of spin information trans-

mission, can be developed as follows. The foregoing discussion of long range spin-spin
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couplings to the gamma protons derived the ratio of = and o-r electron contributions
to meta and para positions for the planar molecule to be 34%. By scaling the expres-
sion for ®J,, by 0.34, one obtains coefficients of 0.053 and 0.237 Hz, respectively.

Combining these estimates with the experimental value, one obtains
s = 0.05cos? 0 + 0.24sin? @ + 0.42sin?(6/2),

where the coefficient of sin?(/2) has been reduced by 0.5.

For benzaldehyde and toluene derivatives, there is evidence that °J effectively
vanishes for the planar conformation in which the coupling is not an all-trans path-
way [71, 72]. One might intuit that, because this is true for the sidechaiﬁ Csp? in
benzaldehyde, it should also be true for phenylaliene. However, J is undetectable
in benzaldehyde [73], corresponding to the large internal barrier, and implying a
negligible = electron component in *J at § - (°

Finally, theory vields
‘Jaw = —0.50cos” § — 1.225in* 6 4+ 0.195in%(4/2).

Assuming that the o electron contribution, in sin®*(#/2), is less reliably given than
the 7 electron pathways, a single scaling factor is not meaningful. Rather, since
the 7 electron contribution appears to be equal to ortho and para sites for 58/,
the coeflicients of 6.]4,& can be imported into this expression for 4J2,c, and the o
contribution evaluated according to the measured value. This empirical procedure
yields

s = -—0.16 cos? @ — 0.70sin? 8 + 0.32sin*(0/2).
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3.1.6 Long range coupling constants, "J(* Hing,"® Cattenyt)

Computed values for the nine "J(*H,ing,'® Cattenyi )s were obtained using HF/6-31G
level geomnetries by the INDO MO FPT formalism, exactly as above (see section 3.1.5).
Table 9 compiles the resulting coefficients and Figures 38, 39 and 40 display the an-
gular dependencies. The 6-31G™ geometries were used in the previous section to
evaluate long range interproton coupling constants, while long range carbon-hydrogen
couplings were obtained from computations on 6-31G geometries. This inconsisten-
cy will not alter the qualitative functional relationships presented here, since only
semiquantitative agreement of the coefficients, A to D, with experiment would be

anticipated, at best,.

The para proton
Coupling of the alpha carbon to the proton in the para position is computed to obey

the expression,

SJ(Hy, Cy) = 1.23 ~ 0.33sin? 4.

As with proton-proton coupling constants, the INDO MO FPT calculations overesti-
mate certain contributions and must be scaled appropriately. In this case, multiplying
all terms by 0.76 reproduces the experimental value of 0.91 Hz. This coupling con-
stant is larger than the corresponding couplings in toluene of 0.65 Hz [74] and in
benzoic acid of 0.5 Hz [75]. In toluene, *J(Hy,C,) has been interpreted as a o-
7 interaction, proportional to QE,Q%,. Both hyperfine interactions are negative,
and refer to 7 electron spin densities on the contiguous aromatic carbon atoms [74].
In phenylallene, however, the alpha carbon is sp* hybridized, so that an additional
hyperfine interaction comes from 7 electron spin density on C, (Figure 36). This
contribution can be thought of as involving parameters describing the polarization by
the = density on C, of those orbitals centered on C, and containing s character [76].
The net result is a negative contribution to °J(Hy, Cy). As the conformation passes

from planar to perpendicular, INDO predicts a decrease of 0.33 Hz, corresponding
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to the eventual cessation of spin correlation between the « electrons on C; and C,.

For 8J(Hy,Cjs), the computed numbers are reproduced by the function
CJ(Hy, Cp) = —0.47sin” § — 0.66 cos® 6.

This representation emphasizes the possible 7 electron and hyperconjugative com-
ponents. Scaling this expression to agree with the measured value of (—)0.42 Hz,
gives

SJ(Hi, Cg) = ~0.315in% 0 — 0.43 cos? 6.

If this is true, then the o-7 hyperfine interaction parameter, Qggf’cw, is positive,
and proportional to sin?#. lts magnitude is 44% of Qf.y, the hyperfine parameter
characterizing ®Jy .. The 7 contribution to ®J{Hy, Cj5) is predicted to decrease more
rapidly than the o-# term as the torsion angle increases.

The seven bond coupling constant, "J{Hy, C,), is 0.28 Hz, experimentally. This
being a coupling transmitted via spin correlation in the extended system, the INDO

expression can be scaled in the usual way to give
“J(Hy, C)) = 0.31 cos® 0 + 0.03sin? 0.

According to Hund’s rule, the electron correlation at Cz favours a parallel orientation,
as depicted in Figure 36. Hence, the positive coupling constant can be considered
the result of the positive product, QgHQgET, outweighing the negative contribution
proportional to QgHQS: As with 8J(Hy, H,), "J(H4,C.,) should essentially vanish
when the 7 electron conjugation between aromatic and allenic groups is absent in the

perpendicular conformer.




Table 9: INDO MO FPT computations of intergroup "Je g (Hz) in HF/6-31G struc-

ture of phenylallene. Planar molecule, (§ = 0°} is depicted in Figure 3.

Coupling Ae B* -Cc D¢ Factor*

3J(Hy Co) 455 — 077 105 0.93
1J(Hy,Cp) — -0.63 -076 -0.26 0.71
SI(HyC) — 036 066 006  0.65
4J(Hs3,Cy) 071 —  -013 -017 —
SJ(H3, Cg) — 034 042 045 —
SJ(H3, C,) — 018 -0.31 0.10 -
SJ(Hy, Cy) 123 -0.33 — — 0.76
SJ(HyCg) — ~047 -0.66  — 0.66
J(Hy,C,) — 005 052 — 0.59

a) Constant term; b) Coefficient of sin®#;  ¢) Coefficient of cos?#;  d) Coefficient
of sin?(6/2);  e) Factor by which the theoretical coupling must be multiplied to

reproduce experiment (see text).
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The ortho protons

The theoretical vicinal coupling constant, *J(H;, C,), follows the expression
3J(H,y,C,) = 4.55 4+ 0.77 cos® 6 + 1.05sin?(6/2),

suggesting a 7 electron contribution of 0.77 Hz. The term in (sin*(6/2)) may represent
a substituent effect from Cg. Utilizing the computed geometric terms, this function
predicts *J(H,,Cq) as 5.76 Hz, not substantially different than the measured value
of 5.36 Hz. The analogous coupling in toluene is only 4.62 Hz. Part of this difference
must be due to a 7 electron contribution in phenylallene, obviously absent in toluene,
through the partial double bond connecting C, to the ring. Probably factoring into
the observed difference as well, is the greater length of this bond in toluene,

INIDO calculates
1J(Hy,Cg) = —0.63sin® 0 — 0.76 cos* § — 0.26 sin*(8/2).

Lacking any means of assessing the 7 electron components of this coupling, relative
to other sites, the entire expression must be scaled by 0.71 to reach agreement with
the measured —0.62 Hz,

For °J(Hj, C.), the INDO numbers are best represented by

SJ(H,y,C,) = 0.36sin% 0 + 0.66 cos® 0 + 0.06 sin*(6/2).

The usnal = electron component, signified by the term in cos® 6, appears to be present,
but the meaning of the sin®# term is not immediately apparent. It cannot be a o-7
contribution of the kind involved in 8J(Hy, Cg), for that would require "J(Hy, C,,) to
also have a substantial value in the perpendicular conformation, which it does not
have. Multiplication of the above expression by 0.65 brings it into accord with the

measured coupling constant of 0.43 Hz.




The meta protons

The theoretical formulation of *J(Hjs, C,) follows the relationship
*J(Hz,Co) = 0.71 ~ 0.13 cos? 8 — 0.17sin?(4/2),

implying a contribution of —-0.13 Hz from the 7 electrons in the fully conjugated
planar conformer, and, perhaps, a negative substituent perturbation with a maximum
magnitude for the ali-trans extension of the C,-Cgs. The experimental value is 0.80
Hz — larger, surprisingly, than the (.51 Hz predicted theoretically. This is the only
instance where such an inversion occurs, suggesting that INDO underestimates the o
electron component of *J(H,C) for the familiar W configuration of the intervening
bonds in an aromatic system.

In 5J(Hj,Cs), INDQO’s usual overestimate is again evident, citing
5J(Hs, Cp) = 0.42cos® 6 + 0.34 5in® 6 + 0.45sin*(8/2).

This relationship purports a value of 0.63 Hz, while the observed value is less than
half as large.

Finally for phenylallene,  J{Hs, () computes as
SJ(Hs,Cy} = —0.31 cos® # — 0.18 5in” 0 + 0.10sin*(0/2).

The positive o electron term has a precedent in one of similar magnitude predict-
ed for the all-trans 6J(H5, Hq) in styrene [18] (see Figure 1), and confirmed in 3-
fluorostyrene [23]. The predicted value of ®J(Hj;,C,) in phenylallene, however, is
—0.25 Hz, in poor agreement with the measured coupling of £0.04(2) Hz. In order
to assess which term, or ferms, are faulty in the theory, would require a phenylallene

derivative characterized by a large effective torsion angle.
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3.2 2-Formylstyrene
3.2.1 Proton NMR

Proton NMR data from the 2-formylstyrene solutions described in Table 1 are detailed
in Tables 10 to 12. Chemical shifts and coupling constants are given in units of
hertz (Hz). Numbers in parentheses, where given, are standard deviations in the last
significant digit, as given by the NUMMRIT analysis. All other standard deviations
are less than 0.001 Hz. Molecular structure and numbering are given in Figure 41.
The spectra were treated as arising from an ABCDEFGX spin system. Representative
examples of spectral fits are displayed in Figures 42 to 63.

Some unique spectral features arise from f_,_hgz strong deshielding of H; (vide infra),
juxtaposing its spectrum with spectra of two of the aromatic protons. The proximity
of their chemical shifts, for example, produces severe spectral congestion and over-
lapping peaks (Figure 47). Additionally, second order effects combine with a very
small coupling to the formyl proton in acetone-dg, to produce an unusual aromatic
spectrum for H; (Figure 45 and 46). Measured chemical shifts are accounted for
qualitatively in Section 3.2.4.

Signs of coupling constants were determined unambiguously from the spectral
analysis. Some imperfections in the agreement between the experimental and calcu-
lated spectra are observed. Figure 52, for example, displays the "H NMR spectrum
of the formyl proton in acetore-dg solution. At high magnification corresponding to
about 0.3 Hz/cm, it can be seen that two of the theoretical peaks are split by about
0.02 Hz, but appear experimentally as single peaks. Different combinations of signs
for €Jg 10, ®Jo10 and ®J7 10 lead to further disagreement in this region, as well as in
the Hg and Hg regions. Moreover, introduction of a small dipolar coupling constant
between H, or Hg and Hyp does not improve the fit. A similar discrepency is apparent.
for the formyl proton in a solution of CS3/CgD1z (Figure 63). With this evidence, the
given signs are taken to be unequivocal and it is unlikely that the magnitudes used

to reproduce experimental data differ sufficiently from the frue values to affect their

-1
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A B

Figure 41: Molecular structure and numbering scheme for 2-formylstyrene conformers

A and B drawn in the planar conformation where § = 0°.

use in the text.

The solvent-induced changes in intravinyl coupling constants, 2J,, 3J, and 3.J;, are
parallel to those measured in 3-fluorostyrene [23]. Similarly, coupling constants within
the ring change with the polar solvent in analogy with both 3-fluorostyrene and 2-
formylisopropylbenzene [77]. Such small changes, also measured for monosubstituted

benzenes in this laboratory, follow patterns largely independent of the nature of the

substituent.

78




Table 10: *H NMR chemical shifts and analytical statistics for 2-formylstyrene in

acetone-dg and carbon disulphide at 300 K.

Parameter (CH3),C=0* CS,/CsDt,
Vs 2361.030¢ 2308.103
Vy 2252.764 2201.007
v 2290.354  2233.088
Vg 2308.563 2245.712
vz 2302.246 2259.685
Vg 1735.959 1686.709
Vg 1644.871 1620.604
V10 3094.369 3052.218
Calculated Transitions 1097 1697
Assigned Transitions 803 889
Peaks Observed 549 590
Largest Difference 0.009 0.015
RMS deviation 0.004 0.006

a) 4.43 mol% in acetone-dg with TMS as an internal reference. See Table 1 for details.
b) Prepared to 5.6 mol% in CS; also containing 10.0 % CgDys and TMS as internal
reference. Some precipitate was observed in the sample tube, however, rendering the
concentration uncertain. ¢) In Hz at 300.135 Mz to high frequency of internal

TMS. d) All standard deviations less than 0.001 Hz.
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Table 11: Intragroup *"H NMR coupling constants ( H z) for 2-formylstyrene in acetone-
dg and carbon disulphide at 300 K.

Parameter (CH3),C=0° C8§;/CsDt,

2Jg
3Jc

Y

5J3,6

1.291¢
11.045
17.453

7738

7.374
7.858
1.458
1.191
0.542

1.338
10.965
17.353

7.712

7.354

7.822

1.464

1.206

0.533

a) 4.4 mol% in acetone-dg with TMS as an internal reference. See Table 1 for details.
b) Prepared to 5.6 mol% in CS; also containing 10.0 % CgDy and TMS as internal
reference. Some precipitate was observed in the sample tube, however, rendering the

concentration uncertain. ¢) All standard deviations less than 0.001 I z.
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Table 12: Long range coupling constants (Hz) of the olefinic and aldehydic protons

in 2-formylstyrene at 300 K for solutions of acetone-ds and carbon disulphide.

Parameter {CHj),C=0"

CS3/CeD},

Parameter (CH3),C=0 CS;/CsD12

4']6,7
5J5,7
8Js 7
6Jaz
5J6,8
Js.0
BJE,S
Js9
Gvfs,s

®Ja9

-0.635°
0.600
0.161

—0.344
~0.136
0.045
~0.026
-0.027
-0.086
0.053

—0.640
0.579
0.171

-0.353
-0.129
0.049

-0.022(1)

~0.017(1)

~0.083
0.051

7J4,s
7J4,9
4J3,10
5J4,10
5-]6,10
5J7,10
%J5,10
6st,w

6
JQ,IO

0.184
0.216
-0.252
0.441
0.364
-0.163
-0.020
0.030
0.025

0.180
0.206
-0.251
0.447
0.362
—0.163
—0.027
0.039
0.038

a) 4.43 mol% in acetone-dg with TMS as an internal reference. See Table 1 for details.

b) Prepared to 5.6 mol% in CS; also containing 10.0 % CgD;2 and TMS as internal

reference. Some precipitate was observed in the sample tube, however, rendering the

concentration uncertain.

otherwise in_dicated.

81

¢) All standard deviations less than 0.001 Hz, unless




Hg H7
Hq l 1 Ha
.
l T i ] ] T
Hz 2340.0 £300.0 2260.0

Figure 42: 'H NMR spectrum of 2-formylstyrene aromatic region in acetone-dg. A)

Theoretical spectrum; B) Experimental spectrum.
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Figure 43: 'H NMR spectrum of 2-formylstyrene Hjz (high frequency portion) in
acetone-dg. A) Theoretical spectrum with 30 mHz linewidth; B) Experimental spec-

trum.
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Figure 44: 'H NMR spectrum of 2-formylstyrene Hy (central portion of ‘triplet’)

in acetone-dg. A) Theoretical spectrum with 35 mHz linewidth; B) Experimental

spectrum.
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Figure 45: 'H NMR spectrum of 2-formylstyrene H; and a portion of H; in acetone-ds.

A) Theoretical spectrum; B) Experimental spectrum.
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Figure 46: 'H NMR spectral fragment of 2-formylstyrene overlapping Hs and H; in
acetone-ds. A) Theoretical spectrum with a linewidth of 30 mHz; B) Experimental

spectrum.
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Figure 47: 'H NMR spectrum of overlapping He and H; portions of 2-formylstyrene
in acetone-dg. A) Theoretical spectrum with a linewidth of 30 mH z; B) Experimental

spectrum.
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Hz 2317.0 2316.0

Figure 48: 'H NMR spectrum of 2-formylstyrene of the high frequency portion of H;
in acetone-dg. A) Theoretical spectrum with a linewidth of 30 mH z; B) Experimental

spectrum.
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Figure 49: 'H NMR spectrum of 2-formylstyrene Hg (high frequency portion) in
acetone-dg. A) Theoretical spectrum with 30 mHz linewidth; B) Experimental spec-

trum.
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Figure 50: 'H NMR spectrum of 2-formylstyrene Hg (low frequency portion) in
acetone-dg. A) Theoretical spectrum with 3¢ m Hz linewidth; B} Experimental spec-

trum.
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Figure 51: 'H NMR spectrum of 2-formylstyrene Hg in acetone-ds. A) Theoretical

spectrum; B) Experimental spectrum.
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Figure 52: 'H NMR spectrum of the 2-formylstyrene aldehydic proton in acetone-ds.
See text for a discussion of imperfect agreement with experiment. A) Theoretical

spectrum with linewidth of 35 mH z; B) Experimental spectrum.
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Figure 53: 'H NMR spectrum of 2-formylstyrene aromatic region in CS;/CeD1q. A)

Theoretical spectrum; B) Experimental spectrum.
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Figure 54: 'H NMR spectrum of 2-formylstyrene H; (high frequency portion) in
CS3/CsD12. A) Theoretical spectrum with 40 mH z linewidth; B) Experimental spec-

trum.
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Hz 2205.0 2185.0

Figure 55: 'H NMR spectrum of 2-formylstyrene Hy in CS;/CgDyz. A) Theoretical

spectrum; B) Experimental spectrum.
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Figure 56: 'H NMR spectrum of 2-formylstyrene H, (high frequency portion) in
(CS;/CeDy;. A) Theoretical spectrum with 30 m H z linewidth; B) Experimental spec-

trum.
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Figure 57: 'H NMR spectrum of 2-formylstyrene Hs in CS;/CgDy2. A) Theoretical

spectrum with linewidth of 35 mHz; B} Experimental spectrum.
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Figure 58: 'H NMR spectrum of overlapping He and H7 portions of 2-formylstyrene in
CS3/CgD1a. A) Theoretical spectrum with a linewidth of 30 mH z; B) Experimental

spectrum.
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Figure 59: 'H NMR spectrum of 2-formylstyrene of the second highest frequency
portion of Hs in CSz/CgDyz. A) Theoretical spectrum with a linewidth of 30 mHz;

B} Experimental spectrum.
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Figure 60: 'H NMR spectrum of 2-formylstyrene Hs (high frequency portion) in
CS,/CeDya. A) Theoretical spectrum with A0 mHz linewidth; B) Experimental spec-

trum.
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Hz 1679.0 1678.0 1677.0

Figure 61: 'H NMR spectrum of 2-formylstyrene Hs (low frequency portion) in
CS;/CsD12. A) Theoretical spectrum with 30 mHz linewidth; B) Experimental spec-

frum.
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Figure 62: 'H NMR spectrum of 2-formylstyrene Hg in CS;3/CgDyy. A) Theoretical

spectrum; B) Experimental spectrum.
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Figure 63: *H NMR spectrum of the 2-formylstyrene aldehydic proton in acetone-ds.
See text for a discussion of the imperfect agreement with experiment. A) Theoretical

spectrum with linewidth of 35 mH z; B) Experimental spectrum,
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3.2.2 MO Computations

Molecular orbital computations for 2-formylstyrene were carried out with the 6-31G*
and 6-31G™ bases. One set of computations characterized the O-cis conformer (A) as
depicted in Figure 41. The ring carbons and the nuclei of the formyl group were held
coplanar, while the dihedral angle describing vinyl torsion, #, was varied in increments
of 15° or less. The alpha hydrogen and the two carbon nuclei were constrained to
a plane, leaving the positions of the beta hydrogens to optimize. With the large
rotational potential for ethylene, such deviations from planarity were not observed
to exceed 2°. The second set of calculations, characterizing the O-trans conformer
(B), proceeded like the first, except that for & > 60°, the planar formyl group was
permitted to twist. Values of this twist angle, ¢, are tabulated in Table 14. The
6-31G” energies for these two sets of computations are given in Table 13 and plotted
as a function of ¢ in Figure 64. At each of the three minima in this figure, the vinyl
and formyl twist angles were allowed to relax, better describing the stable conformers.

The barrier to internal rotation in benzaldehyde is calculated as 37.5 kJ mol~!
with the 6-31G™ basis [78}, rather higher than, for example, the free energy of activa-
tion in solution of 32.2(6) kJ mol™! [79, 80, 81]. While there exists some controversy
concerning the internal barrier of the {ree molecule [82], it is agreed that the barrier
is not smaller than 27 kJ mel™!, so that large out-of-plane deviations of the carbonyl
group are not expected at 300 K. In contrast, the 6-31G* barrier for styrene is on-
ly 12.0 kJ mol~" [11], while experimentally, the internal barrier height is 12.8(6) or
13.8(7) kJ mol™! (twofold component) with a fourfold component of ~3.3 kJ mol~?,
yielding a very flat potential well near # = 0° [4, 5]. Judging from these barriers, one
may anticipate that steric strain will force the vinyl group out of the ring plane. The
relative energies in Table 13 confirm these expectations, implying that the confor-
mational properties of 2-formylstyrene can be discussed meaningfully in terms of two
conformers, depicted in Figure 41, each with a potential for the out-of-plane excursion

of the vinyl group.
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Both planar conformers are stablized by the =, 7 conjugational energies and de-
stablized by the energies due to repulsion between the ortho C-Hg and Cg-Hg bonds.
To a first approximation, therefore, the energy difference of 3.3 kJ mol~! between the
planar conformers represents the difference in repulsion energy between the Hs,Hig
and H7,O interactions. That the latter interaction is repulsive follows from the non-
planar minimum observed for A rather than the planar minimum encountered in
styrene.

The stable form of A is, indeed, found at # = 38°, representing a compromise be-
tween the loss of some 7, 7 conjugation and a decrease in the two repulsions amount-
ing to 4.0 kJmol™?, as in Table 13. If the conjugational energy in 2-formylstyrene
is similar to the 12.0 kJ mol~! twofold component found for styrene at the 6-31G*
level, then about 4.5 kJmol™" of it would be sacrificed at this geometry. Further
decomposition of the energies for A is not feasible, so it cannot be said whether an
attractive H7,0 interaction exists at the twist angle of 38°. However, the distance
between these nuclei is less than 2.4 A, similar to the computed H,O distances in
H-bonded complexes between water and some flucoromethanes [83]. Furthermore, in
2-hydroxybenzaldehyde, a molecule known to have a strong intramolecular hydrogen
bond of about 29 kJ mol™! [72, 84], the microwave spectrum of the vapour indicates
a H,0 distance of 1.76(1) A [85].

The high energy of A at a § of 90° is about 4.7 k.J mol~? larger than that expected
for a complete loss of 7,7 conjugation, very likely due to repulsion between the
2p orbital on C, and the C=0 bond. This scenario has at least one documented
precedent in 2-alkylthiobenzaldehydes, where only the O-trans conformer occurs when
the 3p orbital on sulfur is twisted into the molecular plane [86].

For conformer B, the lowest energy occurs at a 6 of 45°, implying that repulsion
between the C,-H; bond and the formyl C-H;o bond in the planar form is substantial.
A local maximum at # = 90° is 11.0 kJ mol~! lower in energy than for A, therefore

about 6.3 kJ mol™" lower than expected for a complete loss of 7 conjugational energy.
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Table 13: The relative 6-31G* energies (kJ mol™) of 2-formylstyrene conformers A

and B for various torsion angles of the vinyl fragment.

Conformer A Conformer B
0 (deg)® Energy 6 (deg)® Energy
0 3.98 0 7.25
5 3.81 15 5.30
10 335 30 1.74
15 2.66 45 0.10
20 1.86 45.1 0.004
25 1.07 60 1.36
30 0.44 75 3.88
38.0  0.00° 90 5.62
45 0.50 105 5.48
60 4.22 120 4.12

75 10.43 129.6 3.64
90 16.67 135 3.84

150 7.12
165  14.16
180 21.93

a) f = 0 corresponds to a conformation in which the vinyl group lies in the aromatic
plane and the C,-H7 bond is directed toward the formyl group (Figure 41).  b) The
total energy is ~420.310 715 au and the formyl group twists out-of-plane by 0.1°.  «¢)
The total energy is -420.310 883 au and the twist angle of the formyl group is 3°.
d) This low energy minimum for the O-{rans conformer lies 0.31 kJ mol~! below the

corresponding O-c¢is minimum.
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Figure 64: Potential energy diagram for 2-formylstyrene from 6-31G* level MO com-
putations. The planar conformation with § = 0° is depicted in Figure 41. In the
region of steric congestion (¢ > 105°), the formyl group twists substantially away

from the aromatic plane (see Table 14).
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Table 14: Twist angle, ¢, of the planar formyl group in 2-formylstyrene conformer B

for various angles of the vinyl torsion, 8, as compute& with the 6-31G” basis.

f (deg) ¢ (deg) 0 (deg) ¢ (deg)

75 -1.4¢ 135 16.5°

90 0.9 150 22.8

105 4.5 165 21.5

120 10.0 180 27.4
1296 14.2

a) A postive value for the angle indicates that the alpha and formyl C-H bonds both
lie below the aromatic plane. b) For § > 135°, the vinyl proton ¢is to the ring begins

to twist out of the vinyl plane to a maximum value of almost 4°.

This may be taken as suggestive of an incipient C-H-- -7 hydrogen bond involving
the formyl hydrogen and the 7 system of the vinyl group. As 8 increases beyond this
point, the 7 conjugational energy resumes, contributing to a decrease in the total
energy, and descending into a second stable conformer for B. With further increase in
¢, repulsion between the Cs-Hy and formyl C-Hyp bonds becomes dominant, producing
a local minimum around 129.6° which may be favourable for the fast 1,5-hydrogen
shift from the formyl to vinyl fragments, as postulated for the electronically excited
state of this compound [30]. At this minimum, the internuclear separation Cg,Hyq is
2.68 A and that of Hg,Hyp is less than 2.6 A. Alternatively, the formyl C-Hjp bond is
reasonably well-positioned to interact with the 2p orbitals of the vinyl double bond
— the hydrogen atom lies about 2.7 A above the midpoint of the C=C bond and
about 0.5 A from the normal to the vinyl plane.

Given the potential energies in Table 13, it is of interest whether they are consis-
tent with the long range coupling constants in Table 12. Those involving the vinyl

protons would sample the two energy profiles in Figure 64 as given by a Boltzmann

108




weighting. The long range coupling constants over five bonds to the formyl protons

are excellent measures of the proportions of A and B [72, 87, 88].
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3.2.3 Long range coupling constants

The proportions of A and B

A good measure of the conformational bias of the formyl group in benzaldehyde
derivatives comes from the ratio of the five-bond coupling constant to the aldehy-
dic proton, °J(Hpeta, CHO), to the sum of the two such coupling constants. In

2-formylstyrene, the fractional population of A is given by

5 Jo 10 0.363

= = 0.45.
57410+ Je1o  0.363 + 0.444

Py=

Since the values of the coupling constants in Table 12 differ only slightly in polar and
nonpolar media, their mean has been used, implying that the proportions of A and
B are independent of solvent.

In this connection, it is interesting that the 6-31G* energies in Table 13 have A
as 0.31 kJ mol~! less stable than B. If this is also true at 300 K, then the theoretical
fractional population of A 15 0.47. Of course, this conclusion is valid only if corrections
for the zero-point energies, solvent effects and thermal energies and entropies combine
in such a way that the free energy difference is essentially unchanged. The long range
coupling constants to the formyl proton indicate that such is indeed the case, and
this assumption shall be trusted in the ensuing discussion.

Furthermore, the potential energy curves in Figure 64 imply various probabilities
for the angles, #, at a given temperature. The C-H bonds of the vinyl group sam-
ple various values of § and, in so doing, cause the #-dependent long range coupling

constants of their protons to vary.
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Computation of 8J, 7
Theoretically and experimentally, ®Jy 7 in styrene is a function of sin® 6 [18, 23, 24, 27].

The expectation value of sin® # can be evaluated by classical averaging as
(sin® @) = pisin® 4

where the probability, p;, at a given angle, is obtained from the energies, E;, in
'Table 13 according to
p= — B () :

Ziexp,_(.%)
This procedure yields a value for (sin®8) of 0.450 at 300 K using the experimentally
determined populations of A and B. If the theoretical populations are used, this
quantity is 0.454. Moreover, using only the three minima in Figure 64 with the
experimental conformer populations, the expectation value of sin’# comes out to
0.456.

As described above, for phenylallene, two independent developments of 8.J4~ in
styrene have been suggested. The first, designed to reproduce spectral data for styrene
itself, has

8 J40 = —0.149 cos® § — 0.597 sin” f [24],

resulting in a value of —0.351 Hz for 2-formylstyrene. The mean of the two cou-
pling constants in Table 12 is —0.349(6) Hz. In accord with the discussion in the
previous section, the average of the data from these two solvents is used because
the present model is hardly precise enough fo corroborate the existence of different
potentials. The second relationship, constructed using data from f, #-dibromo-2,6-
dichlorostyrene and 3,5-dichlorostyrene [27], meets with poor success, predicting 5.J4 7

in 2-formylstyrene as —0.440 Hz.
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Computation of °J37 and °J; -

In styrene and some of its derivatives, ®Js 7 is reproduced by a single term in (sin28/2).
For an evenfold potential, (sin®(#/2)) is 0.5, thus, acetone-dg solutions of styrene [25]
and 2,6-dichlorostyrene (measured in this laboratory) yield *Js 7 = 3J5 » to be 0.368(3)
Hz and 0.391(1) Hz, respectively. As one might expect, (sin?#) in these two com-
pounds is quite different, as reflected in the corresponding values for 6.J, 7 of —0.227(2)
and —0.540(2) Hz. In 2-flucrostyrene, *Js7 4° Js - is 0.758(4) Hz, independent of
the solvent polarity {23]. From Table 12, this sum for 2-formylstyrene is 0.750(2)
Hz for a solution of CS,/CeDyy and 0.761(2) Hz in acetone-ds. Finally, Js7 in the
substantially out-of-plane 3, -dibromo-2,6-dichlorostyrene, is 0.372(1) Hz for both
acetone-dg and CD,Cl;/CCly solutions at 296 K [27]. From these data for planar and
nonplanar styrene derivatives, it appears tha:t ‘any term in sin® § representing a o-
contribution, is very small indeed.

In this spirit, *J3 7 can be written as 0.755 sin2(9/2). The energies in Table 12
yield (sin*(8/2)) as 0.214, hence predicting *J57 to be 0.162 Hz. By subtraction,
®Js7 must be 0.593 Hz. In comparison with the experimental values of 0.166(5) and
0.590(1), good agreement is apparent. Of course, these °.J numbers would also be
consistent with two planar conformers, but the present models, ®J, 7 and theoretical

computations do not support that possibility.
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Computation of *Jg,

Empirically, *Js 7 has been assessed in styreﬁé and some of its methyl derivatives as
*Jer = —0.476 cos® § — 0.759sin? § [24].

Application of this expression to the present compound yields this coupling constant
as —0.603 Hz, only 5% lower in magnitude than the —0.637(2) Hz determined exper-
imentally. The term in cos®# represents the usual 7 electron spin correlation across

the double bond.

Coupling constants between the ring and beta protons
Seven bond coupling constants to Hg and Hy have been postulated to follow the

expression

"Jas/0 = 0.300 cos® § + 0.065 sin2 4,

with a small, additional term possibly contributing as much as 0.04 Hz to "Jsg
23, 24). A (sin®0) of 0.450 for 2-formylstyrene yields 0.194 Hz for these coupling
constants, midway between the measurements of 0.182(2) Hz for "Js¢ and 0.211(7)
Hz for "Jyp. In styrene, "Jyg and "Jyg are 0.237(3) and 0.281(3) Hz, respectively
[25], reflecting the larger value of (cos®#) in the parent compound.

Interestingly, ®Ja s and ®J3 4 in styrene are not detected [25]. According to INDO
computations [18], ®J3¢ is +0.12 Hz for the planar conformer corresponding to the
all-trans arrangement (§ = 0°), and +0.07 for the perpendicular conformer. At
¢ = 180° however, corresponding to ®Js g as depicted in Figure 41, a negative coupling
of —0.18 Hz is calculated. Clearly, in styrene, one measures the mean of J39 and
8.J5.9, thus accounting for their apparent absence.

An expression for ®J; o can be developed by including a negative term in cos?
which decreases in magnitude as spin correlation is lost on increasing 8 from 0 to
90°. Inclusion of a second term in sin® 9/27"répresenting a rare positive o electron

contribution [18, 23], can account for the maximum coupling observed for an all-#rans
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arrangement of the intervening bonds. With judiciously chosen coeflicients,
Js50 = —0.10cos® § + 0.145in*(8/2).

For styrene in solution, the internal potential indicates a (cos®#) of 0.825, with the
usual 0.5 {sin(#/2)) for an evenfold potential [24]. The resulting coupling constant,
6Js9 = 8Jag, is —0.012 Hz, in satisfactory “agreement with experiment. For 2-
formylstyrene, (sin®(6/2)) is computed as 0.786 for ®J54 and 0.214 for ®Jso, with
the computed potential implying a {cos? 8) of 0.550. Hence, ®J3¢ becomes +0.055 H =
and ®J5g, —0.025 Hz. Again, these values appear to agree well with the observed
values of +0.052(1) and —0.022(6) Hz in Table 12.

When this function is applied to 3-flucrostyrene, however, problems arise. All
methods agree that the cis conformer, which favours a positive 6Js g according to the
above model, is most abundant [23, 29, 89, 90, 91]. The value of ®J; ¢ in this compound
is +0.06 Hz [23]. For this to be consistent would require a much smaller cos?#,
yet, 3-fluorostyrene is known to be nearly planar, like styrene [23]. This expression,
therefore, appears to be useful for some compounds, but clearly requires more study.

For ®J3¢ and ®J; ¢, INDO computations predict values of —0.19 and —0.14 Hz for
the planar and perpendicular conformers, respectively [18]. These numbers imply a =
electron component, proportional to cos? §, and a o~ contribution in sin® §, increasing
as the 7 component diminishes. The presence of a finite o-7 component is supported
by the —0.1 Hz found for the nonplanar 2,6-dichlorostyrene [18]. In styrene, how-
ever, ®Ja4 is not detected. One hypothesis is that there exists an additional positive
contribution, neglected by the INDO parameterization, which is active most promi-
nently at small torsion angles. A speculative mechanism invokes the through-space,
or prorimate, interaction between the 3-CH and the ortho CH bonds of styrene [18].
In all known cases, such an interaction leads to a negative coupling constant between
the protons [18, 77, 92], as indicated in Figure 65, by the parallel crossed arrows for
Hg and Hj.

Schematically, the repulsive overlap of the 1s orbitals centered on these protons is
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Figure 65: Spin transmission mechanism for 2-formylstyrene, ¢.J;

consistent with a parallel-spin preference of the electrons in these orbitals. Given this
situation, the spin correlation in the ¢ bondsof the aromatic ring, determined by the
Pauli principle and Hund’s rule, leads to the indicated spin state of Hy, and hence the
positive contribution to ®Js g (Figure 65). The angle at which this proximate interac-
tion is maximized remains uncertain, it being very sensitive to interatomic distances
and the mutual arrangement of the C-H bonds. In styrene, STy = 5J6,g s not ob-
served, presumably because the negative proximate component cancels the expected
positive coupling components, ¢ and 7, over five bonds. In 2-formylstyrene, 5Js g
does not have the large o component characteristic of the mainly trans bond arrange-
ment, and its measured value 1s —0.132(5) Hz. This suggests that the through-space
mechanism also operates at substantial # values corresponding to Hg,Hg distances of
2.4 to 2.5 A. The proposed spin correlation in Figure 65 is consistent with the small
magnitude of ®J5 5 in 2-formylstyrene, acting to cancel the negative r and o- interac-
tions. These are, of course, as large for 8J; 5 as for 6Js s and are observed to dominate
the —0.084(3) Hz measured for ®Jss. Nota.biy, this rationalization is also consonan-
t with the magnitudes (signs unknown) of ®J5 5 and/or ®J55 in 2-fluorostyrene and
3-fluorostyrene [23].

The proximate nature of °Jg 5 is discussed above, For ®Jg g, the coupling constan-
t measured in styrene is (°Jso +° Jg0)/2 = 0.158 Hz [25], similar to the numbers
for some meta and para substituted derivatives {18, 23, 24]. The negative, proxi-

mate contribution to °Jss="Jy is not present in *Js9=%J29. Valence-bond theory
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[18] suggests a « electron term of 0.59 cos? @ for ®Jg g, whereas the INDO MO FPT

procedure predicts couplings of 0.20 and (.50 Hz at = 0 and 180°, respectively.
These numbers imply a ¢ electron component of appreciable magnitude. However,
INDO also calculates 5 Js g as 0.33 Hz for the perpendicular conformer. The observed
Jss in 2-formylstyrene is 0.047(3) Hz. Since (cos?#) is apparently equal to 0.550
and @ values nearing 180° are inappreciable, it appears that both methods strongly
overestimate the m and o electron components. In 2-fluorostyrene, the larger value
of (cos? @) produces a ®Js g of 0.084(2) Hz {23]. An improved parameterization of the

angle dependence of °J, g must await further experimental data.
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Coupling constants between the vinyl and formyl groups

The five bond céupling between the alpha protons, ®J7 10, is —0.163(1) Hz, most
likely a proximate coupling constant, similar in nature to the —0.38(1) Hz measured
for the analogous parameter in 2-formylisopropylbenzene [77]. Reviews of through-
space couplings agree that they are exceedingly sensitive to interatomic distance [56,
57]. In the isopropylbenzene derivative, the experimental and theoretical evidence
indicates that the methine C-H bond is closely confined to the aromatic plane. In
consequence, its hydrogen atom approaches that of the formyl C-H bond more closely,
on average, than in the analogous interaction in 2-formylstyrene. Moreover, the O-
trans populations in these two related compounds are nearly equal.

The theoretical approach for %%, 1 (n = 7,8,9) in 2-formylstyrene employed
the 6-31G™ geometries in the CNDO/2 approximation. These were used instead
of the INDO formulation because, while both methods give very similar values for
the proximate contributions, INDO tends to strongly overestimate the o electron
component of five bond couplings in benzene derivatives. As anticipated, the planar
form of B, in which H; and Hjo are computed as approaching to within 1.95 A,
has a large, negative °J7 15 of ~0.31 Hz. Consonant with the distance sensitivity
for proximate coupling constants, |°Jy 19| decreases rapidly with increasing §. For
A, %Jrq0 is small and positive, less than 0.1 Hz for the planar conformation and
becoming negligible by # = 60°. The potential energy curve in Figure 64, applied as
a weighting function to the computed values, yields ®J; 10 as —0.07 Hz. The two site
analysis, using experimentally determined po'pﬂuia,tions of A and B, gives —0.11 Hz.
In view of the high sensitivity of the proximate component to internuclear distance,
this result may be considered satisfactory in comparison with the experimental value.

The six bond coupling constant, 6Jy 0, is computed by CNDQO/2 as small and
positive for small vinyl torsion angles in B, gently decreasing until § = 105°, where it
exhibits a dramatic plunge into large negative values on close approach of Hg to Hy,.

CNDO/2 values for A are negligible for ®Jg/910. The weighting scheme in Figure 64
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predicts a small; positive coupling of 0.01 Hz, to be compared with the measured
value of 0.03 Hz. For ®Jg 10, the same trend is observed for 6 = 0 to 90°, whereupon
a sharp increase to large positive numbers is predicted. The angle-averaged coupling

is 0.047 Hz, in reasonable accord with the experimental value of 0.032(7) Hz.
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3.2.4 Proton chemical shifts

Table 15 contains & values for the protons of benzaldehyde, styrene and 2-formyl-
styrene in solutions of acetone-ds. To within the uncertainties caused by differing
concentrations, the ring proton shifts in 2-formylstyrene are reproduced by an additive
scheme. This result is not unreasonable in that the formyl group in 2-formylstyrene
has almost equal O-cis and O-trans proportions as in benzaldehyde itself. Further,
the computed potential suggests only small average deviations of the carbony! group
from coplanarity, consistent with very similar conjugative shifts caused by this sub-
stituent in the parent compound and its derivatives. Also supportive of this conclu-
sion are the uniformly small values observed for the six bond coupling constant to
the formyl proton in these two compounds. ~

Perturbations of the proton chemical shifts of benzene by the vinyl group are
rather small. At the para position, the vinyl substituent’s # donating character
increases the screening by 0.12 ppm. Because greatest screening will be observed for
the maximally conjugated, planar conformation, larger average twist angles will tend
to decrease the screening. If the shift of the para proton varies with cos?#, then the
accepted values of (cos®f) of 0.825 and 0.537 for styrene [24] and 2-formylstyrene,
respectively, predict an actual additivity of only 0.08 ppm for Hy — a deviation of
0.04 ppm from pure additivity. The measured deviation is 0.03(1) ppm. At Hs, the
shift of which is dominated by the electron-withdrawing formyl group, the deviation
is negative by 0.02(1) ppm. It does appear, therefore, that the ring proton chemical
shifts in 2-formylstyrene are consistent with the conformational distribution assumed
in the foregoing discussion of long range coupling constants.

The most striking chemical shift in Table 15 is that of H;. In 2-formylstyrene,
this proton is deshielded by 0.95 ppm relative to the parent compound. Because
H; is also characterized by larger values of # than in styrene, one might expect a
decrease in its § value, based on the diamagnetic anisotropy of the benzene ring. This

is not observed, however, implying that the measured deshielding originates with the
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proximity of the carbonyl moiety. One may postulate that since repulsion between the
alpha olefinic C-H7 bond and the C-Hjp bond-in B or the C=0 bond in A appears
to be the main cause of the vinyl group’s out-of-plane twist, it is also responsible
for the descreening of Hy. Significant deshielding of protons in steric proximity to
other groups is well-known [93, 94, 95, 96, 97], some recent examples being found in
reference [98]. Notably, in this connection, in 2-fluorostyrene, for which there is no
indication of greater vinyl nonplanarity than in styrene [23], H; is deshielded by only
0.16 ppm. Decomposition of the 0.95 pprn into contributions such as those arising
from the anisotropy of the carbonyl group or from the mean square electric fields due
to fluctuating lone-pair oxygen electrons would not be fruitful at the small interatomic
distances applicable to the conformations of Figure 64. Here again, the large shift
exhibited by Hy in 2-formylstyrene is consistent with the conformational distribution
of the vinyl group illustrated in Figure 64.

While the chemical shift of H; is reasonably attributed to the proximity of the
formyl group, the much smaller shifts observed for Hs and Hg likely include electric
field and mesomeric shifts similar to those characterized for a series of 4-X-styrenes
[99], as well as small changes in shielding due to the diamagnetic anisotropy of the
benzene ring. Interestingly, in spite of contrasting mesomeric properties for fluorine
and the formyl group, chemical shifts for Hg and Hg in 2-fluorostyrene are 5.88 and
5.39 ppm, remarkably similar to those in 2-formylstyrene. Dissection of the various
shift contributions would require data from a series of 2-X-styrenes,

Finally, the formyl proton is deshielded by 0.25 ppm by the vinyl group. This must
represent a minimum value for a proximity shift, because in B the two local minima
are situated such that, in sum, a shielding should occur by the magnetic anisotropy

of the C=C olefinic bond [96].
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Table 15: Chemical shifts (ppm) of benzaldehyde®, styrene® and 2-formylstyrene® in

acetone-dg solution.

Proton Benzaldehyde Styrene 2-Formylstyrene
Additivity®  Observed

vy 7.601 7.293 7.88 7.87
Va 7.698 7.220 7.48 7.51
Vs 7.601 7.293 7.65 7.63
Vg 7.928 7.417 7.68 7.69
vy e 6.717 — 7.671
Vg — 5.764 — 5.784
Vg e 5.194 — 5,480
Y10 10.054 — 10.310

a) For a 4.0 mol% solution in acetone-ds, co;ltﬂa.ining also 0.5 mol% TMS [73]. b)
For a 16 mol% solution in acetone-ds {25]. ¢) For a 4.4 mol% solution in acetone-dg
{(Table 1).  d) The 6 values for benzene are 7.324 pprn for a 16 mol% solution in
acetone-dg and 7.349 ppm for a 2.5 mol% solution [23]. This column assumes the
mean of these two numbers. ) & values relative to internal TMS at 300 K {298
K for styrene). Numbering for benzaldehyde follows the parent molecule numbering,

and must be adjusted for the formyl group in the ‘2’ position.
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4 Suggestions for Further Research

Some potentially enlightening experiments have already been mentioned in connection
with phenylallene. Foremost, the angle-dependent J-coupling relationships developed
herein must be tested using derivatives characterized by a large torsion angle. Based
on similar studies of styrene [18}, 2,6-dichlorophenylallene appears to be an obvious
candidate, although its lack of protons in the J position might not produce as large
a (sin®f) as in 2,6-dichlorostyrene. Another approach to obtaining a phenylallene
derivative with a large out-of-plane twist is to methylate the alpha carbon. The
larger barrier notwithstanding, this can be se’eI; in direct analogy to o-methylstyrene
in terms of its conformational bias [24]. A third possibility is to follow the lead of
2-formylstyrene, assuming that the steric strain acting on the alpha proton in this
compound would produce a similar conformational effect in 2-allenylbenzaldehyde.

Other ring-halogenated derivatives of phenylallene would provide a further testing
ground for the proposed mechanisms. 2-Chloro- and 2,5-dichlorophenylaliene, for
instance, may prove useful in verifying five and seven bond interproton couplings
to the meta position by introducing a strong, predictable conformational bias. By
analogy with styrene, 3- and 4- chlorinated derivatives may be expected to adopt
exclusively the planar conformation with nearly equal cis and trans populations for
3-chlorophenylallene. This expectation rests on the assumption that the allene and
vinyl moieties have similar electron withdrawing/releasing properties.

Fluorination at the para position would provide an opportunity to evaluate the
long range *J(*3C.'® F) expressions for this molecule. An early investigation of
GJJf‘C in 4-fluorophenyl derivatives of methane, ethane and cyclohexane [100] con-
cluded that this coupling constant is predominantly mediated via the o-7 system,
except in 4-fluorostyrene, where the 7 electron component dominates. Examination
of 78 J(3C.1° F) in 4-fluorophenylallene would contribute to an understanding of this
coupling mechanism.

Having asserted that ®Jy, and "J3, in phenylallene are transmitted through the =

122




electron system (vide supra), one may wish to analyze 3- and 4-methyl phenylallene
derivatives for verification. Since the hyperfine couplings, @&,y and Q¥ are of simi-
lar magnitude but opposite sign, the measured eight and nine bond coupling constants
to the methyl protons should simply change sign with respect to the corresponding
IrJs in the parent compound [101].

A completely different approach to the barrier in phenylallene, by observing quad-
rupolar splittings in the partially aligned molecule, would follow the procedures de-
scribed by Bastiaan ef al. [39, 40]. A strategy for assessing alignment factors and the
diamagnetic anisotropy uncomplicated by internal rotation would require deuteration
at a ring proton. On the other hand, an estimate of the internal rotational potential
would involve deuteration at the alpha or gamma protons of phenylallene as carried
out for styrene [16].

In view of the interesting conformational properties of 2-formylstyrene and the
utility of IrJs in their characterization, other ortho-substituted styrenes may be fruit-
fully explored. By loose analogy with 2-isopropylbenzaldehyde {77], an MO and NMR
analysis of 2-isopropylstyrene would likely elucidate the interplay of the two rather
similar rotational barriers and the repulsive interaction between their respective me-
thine protons. Presumably, some out-of-plane viny! action would be observed in
6J4a, and 5J3/5=a would give insight into the preferred conformation. Additionally,
the likelihood of a substantial through-space coupling constant between the vinyl and
1sopropyl methine protons encourages this investigation.

A similar set of predictions can be made regarding 2-tert-butylstyrene. This bulki-
er group may adopt a staggered conformation with respect to the vinyl alpha proton,
thus stablizing the planar form, or it may simply force the vinyl group to twist out
of the ring plane. The interactions of these two alkyl groups could be understood
using the present methodology. The steric congestion between the {-butyl and vinyl
groups may well give 1ise to an interproton through-space coupling component, but

when averaged over the nine protons of the #-butyl group, it may not be discernable.
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Two other potentially intriguing molecules involve the convergence of the styrene
and phenylallene systems. With its somewhat higher barrier, the allene group may
force an ortho-situated vinyl group out of plane, providing an opportunity to measure
the five bond proximate coupling constant between their respective methine pro-
tons,along with seven and eight bond couplings between the vinyl group and the
methylene protons of the allenyl moiety. With the extensive delocalization of this
system, these latter couplings may indeed have competing contributions from two
possible pathways: one through the phenyl group, and one via proximity effects.
Somewhat more exotic would be the analogous fen-bond coupling constant which
could conceivably be measured in 4-allenylstyrene. Such a coupling would likely be
transmitted through the extended 7 electron system in the predominantly planar
molecule.

A recurrent theme in the preceding discussion concerns the measurement of inter-
proton through-space coupling constants. From the few such couplings that have been
reported, they range in magnitude up to 0.4 Hz and are negative in sign [56, 57]. In
this connection, the high resolution 'H NMR spectrum of 2-hydroxynaphthaldehyde
(Figure 66) was acquired. In spite of some difficulties encountered in the spectral
analysis, the through-space coupling constant between Hg and the formyl proton was
measured as 0.550(1) Hz and its sign determined unambiguously from partial decou-
pling experiments to be negative. MO computations at the 6-31G* and 6-31G** levels
list the internuclear distance as less than 2.0 A, smaller than the sum of their van der
Waals radii. This proximate coupling constant appears to be the largest of its kind
ever measured.

Another interesting proton-proton coupling is the *J(CHQO, OH) of 4-0.266(1) Hz.
This coupling constant is observed only in derivatives of salicylaldehyde, where the
presence of substituents causes steric compression, increases the electron density
in the carbonyl group, or decreases the electron density near the hydroxyl pro-

ton [102]. For salicylaldehyde itself, 3J(CHO,OH) is very small, but as the en-
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ergy of the intramolecular hydrogen bond increases, a positive coupling between
the formyl and hydroxyl protons emerges, apparently transmitted via the hydrogen
bond. A clear correlation of this coupling with the chemical shift of the hydroxyl
proton has been demonstrated for sterically crowded derivatives of salicylaldehydes
[102]). In 2-hydroxynaphthaldehyde, SJ(CHO,OH) is comparable in magnitude to
the largest of such couplings: +0.266(2) Hz as measured in 4,6-dimethoxysalicyl-
aldehyde [102]. Not surprisingly, the chemical shift of the hydroxyl proton in 2-
hydroxynaphthaldehyde is 1304 Hz®, somewhat less shielded than the salicylalde-
hyde derivatives studied in reference [102]. Moreover, after correcting for the ring
current from the second ring in the naphthalenic system, the expression relating
SJI{CHO,0H) to vop predicts a coupling of 0.27 H 2 for this compound.

Having obtained remarkably close agreement with most of the experimental spec-
trum, one spectral region remains grossly imperfect, requiring more study before the
complete analysis can be fully trusted.

From the viewpoint of through-space interactions, an unusual situation has e-
merged in the analysis of 2,6-difluorostyrene. INDO computations predict a large,
negative coupling on close approach of a proton to a fluorine nucleus. Experimental-
ly, *J(Ha,, F) is found to be small and positive in 2,6-difluorostyrene {(0.047(2) Hz),
while °.J(Hs, F) is large and positive (0.856(1)" Hz). It appears that INDO is unable
to address this situation, and the task, at present, is to sort out the 7 component,
which should change sign based on Q. and the through-space contribution.

More vexing, perhaps, is the larger barrier computed for 2,6-diftuorostyrene than
styrene, at all levels of theory from STO-3G to MP2/6-31G*. A simple-minded ex-
planation originates from the hypothesis that the near-planarity of styrene can be
attributed to steric repulsion and/or electrostatic repulsion between Hg and the ortho

proton. On substitution of the ortho protons by fluorine nuclei, the steric interaction

8 A value of 3913.3 Hz was measured at a proton resonance frequency of 300 M Hz. The value
quoted in the text has been scaled by one-third to account for the original measurements at 100

MHz.
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Figure 66: Molecular structure of 2-hydroxynaphthaldehyde and atomic numbering

scheme.

should be little changed based on the similar van der Waals radii. Conversely, the pos-
itively polarized CH bond is replaced by the negatively polarized CF bond. To a first
approximation, therefore, the only modification with respect to the rotational barrier
is the replacement of a repulsive CH- - -HC interaction by an attraciive CH- - -FC one,
stablizing the planar form and raising the barrier. Experimentally, however, the trust-
worthy ©J4, increases in magnitude, suggesting a lower barrier for 2,6-difluorostyrene.
This observation may be due to an intrinsic substituent perturbation from the fluorine
nuclei, and, in fact, the seven-bond coupling to the spatially remote trans-8 proton
does not change from styrene to the 2,6-difluoro derivative. Clearly, the resolution of
this conundrum would benefit the ongoing diﬁscﬁussion regarding styrene’s planarity.
The verdict is not in on 2,6-difluorostyrene, however, and further study may in-
deed resolve this question. In particular, solvent calculations may indicate that the
conformation of this relatively polar molecule depends on the polarity of the medi-
um. Moreover, high-level calculations of this molecule could well be of interest to
molecular spectroscopists, who require accurate geometries and rotational constants

for their spectral analyses.
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