-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

provided by Warwick Research Archives Portal Repository

THE UNIVERSITY OF

WARWICK

University of Warwick institutional repository: http://wrap.warwick.ac.uk

This paper is made available online in accordance with
publisher policies. Please scroll down to view the document
itself. Please refer to the repository record for this item and our
policy information available from the repository home page for
further information.

To see the final version of this paper please visit the publisher’s website.
Access to the published version may require a subscription.

Author(s): Likhitsup, Asawin, Deeth, Robert J., Otto, Sijbren and
Marsh, Andrew

Article Title: Apparent non-statistical binding in a ditopic receptor for
guanosine

Year of publication: 2009

Link to publication: http://pubs.rsc.org/en/journals/journalissues/ob

Link to published article: http://dx.doi.org/10.1039/b812969j



https://core.ac.uk/display/1375572?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://wrap.warwick.ac.uk/
http://pubs.rsc.org/en/journals/journalissues/ob
http://dx.doi.org/10.1039/b812969j

Apparent non-statistical binding in a ditopic receptor for
guanosine.

Asawin Likhitsup,T Robert J Deeth,T Sijbren Otto,lt Andrew Marsh'*

*Department of Chemistry, University of Warwick, Coventry, CV4 74L, United Kingdom.
a.marsh@warwick.ac.uk

*Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, CB2
1EW, United Kingdom.

<Graphical abstract>

Introduction

Quantitation of the interaction of guest molecules with receptors bearing multiple
binding sites is of significance across supramolecular chemistry, structural biology,
pharmacology of biological receptors and materials science.' Elucidating mechanistic
pathways of association,”” including whether or not they take place with what is referred
to as ‘cooperativity’,** is thus of practical importance. We report here the binding studies
of ditopic receptors for guanosine and the observation of what appears as a non-
statistical,” or cooperative binding event. The C,-symmetric ditopic receptors are
composed of two cytidine moieties'® linked through either an alkyne, 1 or dialkyne, 2 at
C5 (Figure 1) as reported previously.'' Job’s plot revealed a 1:2 stoichiometry of binding
between 1 or 2 with 3 and the association constants were reported in deuterochloroform
as 2670 and 2200 M7, respectively, using a naive 1:2 binding model. We move herein
towards a more complete analysis of the equilibria involved, whilst recognising the

limitations of the methods employed. Receptors with more than one mode of association



present real challenges in terms of experimental design, data acquisition and the
mathematical algorithms required to unambiguously assign association constants,

particularly of relatively weakly interacting supramolecular assemblies.'> >

<Figure 1>

Curve fitting methods

NMR titration is an accessible and informative method used in determining
association constants between both small and large molecules in solution.'*'” Titration
data may be analysed by: (i) graphical methods such as the Benesi-Hildebrand (double
reciprocal) plot and Scatchard plot; or (ii) direct curve fitting methods. Curve fitting
methods require no approximations and allow almost unrestricted distribution of

experimental points (host and guest concentrations), within usual limitations.'” '® F

or
example, the Saunders-Hyne method'’ (two-state approximation) has been used to
determine the strength of hydrogen bonded aggregates.”” A number of computer
programs have been created for curve fitting; however, those more commonly available
are limited to 1:1, 1:2 or 2:1 complexes.” Several commercial programs (including
Specfit/32™ *' HypNMR* Dynafit”® and Prism®*) and non-commercial algorithms
(EQNMR,* ** NMRTit,”” HOSTEST,” and ASSOCIATE as recently implemented®’)
allow more sophisticated models to be used, although each has limitations. In more
complex cases, numerical methods are the best solution because of the number of
parameters involved.  Recently, a complete treatment that allows complex two

component systems of the type studied herein to be tackled has been disclosed, and its

eventual application to this system will no doubt be revealing."



In the case of 1:1 complexes, curve fitting is usually straightforward.”® When a 1:2, 2:1
complex, or multiple equilibria are present, finding the mathematical solution for curve
fitting becomes progressively more problematic and some results using this approach

3133 1 the case of weak 1:2

have been found to be less satisfactory by some authors.
complexes with K;<<K,, it has been shown that the determination of the stepwise

binding constants is not possible.”’

Results and discussion

Self-association of receptors 1 and 2

Previous studies on a lipophilic cytidine derivative have revealed weak self-
association with a dimerisation constant of 30-40 M™',**** also observed in a portion of
the crystal structure of 2 (Figure 2)."' Thus, we set out to re-evaluate the self-association

of 1 and 2 using 'H-NMR dilution'* in the first instance. Expecting a relatively weak

association constant, we chose an initial concentration of about 0.01 M in

deuterochloroform, meeting usual criteria for its accurate determination,'® '’ i.e. that
I 1 1 ) - .
E.K_ <[G], £ IOOK— w  here K, is the expected association constant and [G]; is the

total concentration of guest to be diluted.

<Figure 2>

The "H-NMR spectra of 1 and 2 in deuterochloroform are very similar, but in 1 H-
6 appears at 8.14 ppm, whilst for 2 H-6 appears at 8.22 ppm. The two exocyclic NH,
protons are non-equivalent with NH* appearing at higher field than H*: 5.6-5.9 and 5.6-

6.0 ppm for 1 and 2 respectively, in agreement with previous observations.**



The dimerisation of 2 was initially studied by monitoring the NMR chemical
shifts of NH?, NH" and H-6 upon dilution (tabulated in Supporting Information Part 2).
Except for the first data point the concentration of the receptor was calculated using
tetramethylsilane as an internal standard. This complete data set was fitted using the
Saunders-Hyne model,'* * assuming that only two major components (monomer and
dimer) are significant in the equilibrium,'® resulting in the curves shown in Figure 3
giving the host dimerisation constant, K»., as 340+7 M in deuterochloroform. Errors
were estimated by adapting a least-squares method’® *" whereby data points in the
spreadsheet are sequentially deleted and a new least-squares fit carried out to estimate the
association constant lacking that data point. The complete data set could not be fitted at
all to either a trimer model (data not shown), or a ‘dimer of dimers’ model (c.f. self-

association of guanosine 3). Further confidence in the quality of the dataset and fitting

[2+2] ), found to be 0.37

comes from evaluation of the probability of binding,"” p = 2 X

tot

< p2(22) < 0.82 over the titration interval (see Supporting Information part 2). The
best quality data and fitting is found for 0.20 < p < 0.80, although data outside this range

is most useful if errors therein can be fully described.

<Figure 3>

One limitation of the model used is that it cannot distinguish dimerisation from

1238 1n order to do this, an independent method such as

isodesmic polymeric association.
VPO,"” other methods for estimating M, or M,, or more sophisticated numerical

approaches' are required. The same dilution process was also studied by isothermal



titration calorimetry (ITC; see Supporting Information Part 1) and fitted using a
dimerisation model to give an association constant K., = 90 M .which is noticeably
different, although much closer to Kj.; observed for the shorter receptor 1.

Minor conformational change of 2 upon dimerisation results in shielding of H-6
and deshielding of NH". Upon dilution, the signal for H-6 shifted downfield (A = 0.08
ppm) whilst that for NH* moved upfield (A8 = 0.37 ppm). The effect of the alkyne is
more pronounced in NH* due to greater proximity of the alkyne mt-orbital compared to H-
6. Although the NMR titration result agrees with the dimerisation model, receptor 2 may
also form a hydrogen bonded tape at higher concentration, observed as a viscous gel in
chloroform, leading ultimately to the solid state structure reported previously.'' The only
significant difference in the '"H-NMR spectra of 1 and 2 is that H-6 of 1 appears at higher
field. Upon dilution, all three protons are shifted in the same way as in 2: H-6 downfield,
NH* upfield and NH" upfield (Figure 4). Again, conformational changes may be used to
explain the peak shifts of H-6 and NH".

Treatment of the NMR shift data from the dilution of monoalkyne 1 by
simultaneous curve fitting of H-6, NH® and NHP revealed Kiq = 833 M in
deuterochloroform. The probability of binding for the receptor 1 in the dimer, py(1+1) was
found to be 0.18 < py(11) < 0.67 over the titration interval. The association constants for
lipophilic cytidines have been consistently reported to be around 30-40 M™'.*> *! Since
there are two cytidines in each receptor, the dimerisation constant of 83+3 M for 1 is
consistent with the reported values, although it contrasts with the higher value of 340+7

M found for dialkyne 2.



<Figure 4>

Self-association of guanosine derivative 3

The structure of lipophilic guanosine in chloroform has been extensively studied

by Gottarelli and co-workers.****

It has been shown that 3 readily dimerises through
hydrogen bonding between N3-H and O4 (Figure 5). At high concentration, the weaker

hydrogen bonds between N1 and N2-H connect the dimers together to form guanosine

ribbons (in the absence of metal ions) resulting in the observation of viscous gels.**

<Figure 5>

In order to devise a model for curve fitting, the following equilibria are considered:

K
3+3—=x-3.3

K.
3:3+3.-3—2**~3.3-.3-3

[3-3]
Ks.3= 3 (1)
Ks-a-a-szm (2)
Mass balance: [3], =[3]+2x[3°3]+4x[3°33-3] 3)
Chemical shift: Ocal = Y303+ ¥3-303-3+ 3-3-3-303-3-3-3 4)

Rearrangement and substitution of (1) and (2) into (3) gives a polynomial
equation. If curve-fitting is performed using the solution of this equation, problems arise
in selecting the correct non-imaginary root.” This method is inflexible and time-

consuming because the mathematical solution for the polynomial must be derived for



each system. It is therefore not surprising that most curve-fitting programs only extend to
1:2 binding." '**

In order to address this problem, a more flexible curve-fitting routine was devised
based on NMR chemical shift simulation using numerical methods in MS Excel®.’® The
method, as described by Wilcox and co-workers, has been employed in the study of
ternary systems.47 This routine requires an input of K3.3 and K3.3.3.3, with a known initial
concentration [3]o; there is only one set of [3], [3¢3], and [3+3+3+3] that satisfies equations
(1), (2) and (3).

Using this template, the ‘Solver’ function in Microsoft Excel” was used to find
the value of [3] at each concentration with the input K values (see Experimental for
details). We then calculated J.,; from the input 83, 3.3 and d3.3.3.3, parameters that were
readily easily estimated from the titration curve. Non-linear least squares curve fitting
was then performed by varying 83, d3.3 and 03.3.3.3 to give the best fit between ., and
dobs. The association constants K3.3 and K3.3.3.3 were iterated manually and the pair that
gave the smallest sum of chi squared (S) values from curve fitting was chosen. Errors
were again estimated by the same adapted least-squares method as previously.’®*’ The
algorithm was benchmarked against recent literature data® where the challenge of 2:1
binding was faced using a modified commercial HypNMR package,”® underlining the
non-standard nature of the task (see Supporting Information Part 1). The new
spreadsheet was able to replicate the observed equilibrium constants in that 2:1 system
satisfactorily.

The NMR spectrum of 3 shows only two sets of amine signals. Unlike the NH; in

cytidine, the guanosine NH, rotates quickly on the NMR timescale and the two exocyclic



NHs are magnetically equivalent.”* Upon dilution, the N3-H shifts downfield from 11.99
to 12.08 ppm. Similarly, H-8 shifts downfield from 7.76 to 7.81 ppm. Analogously, NH,
shifts upfield from 6.25 to 5.90 ppm (Figure 6). Since the induced chemical shifts for H-
8 and NH; are relatively small, curve fitting based on these shifts alone might give rise to
a higher systematic error than the current procedure, fitting all the limiting chemical
shifts for H-8, NH, and N3-H in a single step to minimize the combined S values. The
two association constants were then carefully iterated to find the best solutions, with an
error limit representing the standard deviation of least-squares fits lacking sequential data
points as above. The resulting association constants in deuterochloroform, K3.; and
K3u343.3 are found to be 370+72 and 15+1 M respectively, in agreement with a previous
report (Kgimer 300 M), although higher order aggregates were not recognised that
analysis.”> The probability of binding for significant aggregated species over the titration
interval was found to be 0.53 < pg(G*G) < 0.66 and 0.015 < pg(Gz2eGz) < 0.31
respectively.

Preliminary ITC results are inconclusive since the data could not be fitted
properly to a calculated curve using the above ‘dimer of dimers’ model, although this
may be due to way data is treated following standard ITC experiments (see Supporting

Information Part 1).

<Figure 6>



Binding studies of receptors 1 and 2 with guest 3

Binding studies between receptors 2 and 3 (Figure 7) were carried out by NMR titration
in CDCl;. The input for the freely available NMRTit program®’ requires that
concentration of the host 2 is held constant throughout the experiment. In the first
attempt, the titrant 3 was dissolved with host 2 stock solution, as required, but the
concentration of 2 was now so low that it was impossible to unambiguously follow the
now broad N-H signals (chosen since they presented the greatest change in chemical
shift) in the 'H-NMR spectrum. Thus, the titration was performed by adding a
concentrated solution of 3 in small portions to a relatively concentrated solution (ca.
0.01 M) of 2 in the NMR tube, thereby allowing concentration of host 2 to change with
each addition of guanosine 3. It was recognised that data analysis would no longer be
possible using, for example NMRTit, but one benefit is that binding of receptor to guest
stays within the preferred 20-80% even when a 3-fold excess of guest has been added.
This would be more difficult to achieve whilst maintaining practicable dynamic range in
the NMR experiment if more host were added together with guest in order to maintain
constant host concentration. The NH® in 2 was followed as it is directly involved in
hydrogen bonding to the guest and the induced chemical shift change is quite large. The
initial data point now overlapped with that for the experiment to determine host
dimerization, [HG] = 0 (see Supporting Information Part 2), adding confidence to the
data fitting. All concentration changes were calibrated using the aromatic peak areas (H-6

for 2 and H-8 for 3) against TMS as an internal standard.
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<Figure 7>

The equilibria considered are shown in Scheme 1 (H = host, G = guest).
<Scheme 1>

And following the standard Saunders-Hyne model,

Association constants: K, = LHG] (%)
[H][G]
HGG — ﬂ (6)
[H][HG]
Mass balance for both host and guest is
[H], =[H]+2[HH]+[HG]+[HGG] (7)
[G], =[G]+2[GG]+4[G4]+[HG]+ 2[HGG] (8)

The chemical shift was calculated from the contribution of all the species present in the
equilibrium according to Scheme 1:
Ocat = X11Ou + Xoni Ot + X1On6 + XuoeOucs 9)

The limiting chemical shift of host dimer 22 as well as the self-association constants for
both 2 and 3 were taken from NMR dilution studies described above. Upon addition of
guest 3, NH" of 2 shifted downfield from 7.2 to 9.8 ppm. From the curve fitting (Figure
8), the stepwise association constants are found as Kj.3 = 8100 + 380, K3.2.3 = 1170 + 80
M in deuterochloroform. Hence the overall microscopic association constant K, =
KucKuo from NMR titration is 9.56x10° M. The probability of binding of 3 in forming
the termolecular complex is described by 0.10 < p3 (3°2¢3) < 0.60 over the titration

interval. A speciation curve for 2 upon addition of 3 is shown in Figure 9 and



11

corresponding graphical probability of binding data is given in Supporting Information

Part 2.

<Figure 8>

<Figure 9>

The NMR titration between 1 and 3 and subsequent curve fitting was performed
by the same method (Figure 10) whereby stepwise association constants were found to
be Ki.3 = 5180 = 210 and Kjs.q.3 = 4800+ 170 M in deuterochloroform. Hence the overall
microscopic association constant K, = KygKuge from NMR titration is 24.86x10° M.
The probability of binding of 3 in forming the termolecular complex is described by 0.14
< p3(321+3) <0.77 over the titration interval. A speciation curve for 1 upon addition of 3

is shown in Figure 11 and graphical fraction of guest in bound complex (probability of

binding) data is presented in Supporting Information Part 2 .

<Figure 10>

<Figure 11>

Previous studies on the Ge<C base pair in chloroform solution have revealed

-1 41

consistent association constants of 1.6-1.7x10" M Other systems containing

DDA+AAD hydrogen bonding complexes show association constants ca. 1x10* M"'.*
The stepwise binding constants found here by NMR between 1 and 2 with 3 are

somewhat less than these values.
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The stepwise binding of receptors 1 and 2 with 3, summarised in Figures 12 and
13) respectively, differs significantly. According to Ercolani’s assessment of
cooperativity,6 the ratio between Kuyg and Kugg should be 4:1 for statistical, or non-
cooperative interaction. Binding of just one equivalent of guest 3 to either C,-symmetric
1 or 2 is a symmetry breaking process, with an expected entropic cost. The second
equivalent of 3 then has choice between binding to a new ditopic receptor molecule or the

1:1 complex, giving an apparent stepwise association complex.

<Figure 12>

<Figure 13>

Binding between 2 and 3 gave Kuc/Kuce of ca. 7:1, suggestive of close to
independent, or possibly anti-cooperative, binding, that would be consistent with the
statistically expected value (ca. 4:1). On the other hand, binding between 1 and 3 gave a
Kuc/Kuge ratio close to 1, indicating that binding of the first ligand 3 is in some way
beneficial to a subsequent binding event, i.e. positive cooperativity is observed. The
origin of this differing cooperativity must ultimately stem from the different structures of
the receptors themselves. We observe from preliminary DFT calculations on simplified
analogues of 1 and 2 lacking the ribose rings that rotation around the central alkyne bond
alone has no significant energetic cost (data not shown). However, simple molecular
model building of mono-alkyne host 1 using the Merck Molecular Mechanics Force Field
(MMFF94x, well parameterised for dispersive interactions) with an implicit solvation
model,”® dielectric = 10 indicates that the four bulky triisopropylsilane protecting groups

interact to a significant extent (Figure 14), translating a rotational motion around the
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alkyne axis into a perpendicular geared, or propeller motion. Thus considering the
dihedral between ca. 200-315° as an energetically neutral position (Figure 15) a barrier
of ca. 2 kcal mol™” is observed at 165°, with a local minimum at 180° and a global
minimum between 0-30°. At this point the ribose moieties and bulky TIPS groups are
about as far apart as possible. In comparison, close to 165° the two amine groups bypass
one another with an overall ‘gearing’ effect as the TIPS groups also move past each other
requiring interacting solvent rearrangement and possibly bringing enthalpic benefit due to

dispersive forces once the steric barrier is overcome.

<Figure 14>

<Figure 15>

By contrast, rotation around the same dihedral in dialkyne receptor 2 shows an
energy profile consistent with less repulsive interaction between the bulky TIPS groups
with only 3 kcal mol™ difference between Epay and Enin, compared to an overall energy
difference of 5.5 kcal mol™ for receptor 1 (Figure 16). Whilst this data does not include
the presence of a guanosine guest 3, inspection of models such as Figure 14 suggests that
its presence would reinforce the observed intra-receptor interaction through a
combination of steric effects and dispersive interactions. In the case of the longer receptor
2 this pathway is not accessible since the bulky groups are beyond interacting distance.
This intra-receptor reinforcement has been observed previously to be a key factor in other
host-guest systems that have been demonstrated to display cooperative,' or non-statistical

14, 51, 52

binding behaviour. In other words, as demonstrated by speciation curves in

Figures 9 and 11, the shorter receptor 1 shows an unexpectedly large stepwise
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association constant for the binding of a second guanosine molecule, leading to a greater

concentration of 133 than would otherwise be expected.

<Figure 16>

The assignment of such non-statistical behaviour to a binding event is not
straightforward, since classic Scatchard plots ought to be applied only to strictly
intermolecular binding events.” The system presented here meets this criterion and hence
in the case of 13 can be described as having reinforced,”’ or non-statistical binding, more
usually described as exhibiting ‘positive cooperativity’. Although such cooperativity has

. . - 54 55, 56
long been recognised in proteins’ and macromolecules,”™

self-assembly processes
involving small molecules, often referred to as ‘cooperative’, frequently show expected
statistical behaviour upon closer analysis. In contrast, the 1+3 pairing investigated here
does appear to show non-statistical behaviour. Computational data analysis to further

explore these effects in these model systems is ongoing, together with fuller isothermal

titration calorimetry data acquisition and interpretation.

Conclusion

The binding of receptors 1 and 2 with 3 has been studied by NMR titration and an
improved curve fitting procedure used to analyze the titration result. Compared to the
implementation of several algorithms, a number of advantages are apparent, although the
limitations of this classic approach as implemented are also becoming clearer.”” The
approach herein allows the use of readily available software to treat more complex

systems without use of polynomial equations; additionally by allowing the concentration
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of host to vary over the titration interval the fraction of guest bound in the complex, p,
remains with the desired range 0.2 < p < 0.8 over a wider concentration of guest than
would be otherwise possible. There remain however issues to be addressed in that: (i)
simultaneous fitting of higher equilibria to experimental data presents a more serious
programming challenge, especially if errors are to be estimated during that process; (ii)
the current approach requires user intervention during the iterations to achieve the best
data fit.

The dimerisation constants of 1 and 2 were found to be 83+3 M and 340+7 M
in deuterochloroform respectively. The self-association of guanosine 3 was described in
terms of equilibria between monomer, dimer and tetramer and the association constants
were found to be Kz.3 370+72 and Ki.3.3.3 15+1 M! in deuterochloroform All these self-
associations were included in the subsequent curve fitting of the NMR titration data of 1
or 2 with 3 although the limitations of the current approach mean that concurrent
optimisation of all equilibria is not yet possible. The stepwise association constants for 1
and 3 were found to be Kj.3 5180 £ 210 and Kj.3.3 4800+ 170 M, demonstrating non-
statistical binding (positive cooperativity). Analogously for 2 stepwise equilibria were
Ky = 8100 + 380, K33 = 1170 = 80 M respectively, which is within the range
expected for statistical (non-cooperative) binding. Basic molecular mechanics modelling
shows that the mono-alkyne receptor 1 possesses hindered rotation around the central
axis that may partly explain the origin of the observed non-statistical binding or positive
cooperativity upon interacting with guest 3. This is notable since there are relatively few

examples of small molecule systems that are now understood to display such behaviour.
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Experimental

NMR titrations were carried out in CDCI;3 (Aldrich) used as received and residual

CHCI; was used as the internal reference & = 7.26 ppm. A solution of the host 1 or 2 was

prepared in 500 ul CDCl; (0.013 M) in a clean, dry NMR tube. The guest 3 stock solution
was similarly prepared in 1.5 ml CDCI; (0.023 M) and titrated into the NMR tube via
Hamilton microlitre syringe. Except for the first data point, the concentrations were
calculated using the integration of tetramethylsilane as an internal standard. The 'H-NMR
spectra were recorded using a Bruker DPX400 spectrometer. The aromatic and N-H
signals were monitored as successive aliquots of guest stock solution were added (15
additions up to 1500 ul).

The NMR titration data was analysed by numerical methods in a Microsoft
Excel” spreadsheet using the standard ‘Solver’ feature. The spreadsheets are made

available at http://go.warwick.ac.uk/marshgroup. The NMRTit program was kindly

provided by Professor C. A. Hunter, University of Sheffield, implemented on an Apple
Macintosh 7200/90 and the graphical data captured as a screenshot. A detailed
description of the curve-fitting method along with the ITC experiment is provided in the

Supporting Information.

Computational experiments:

Calculations were carried out on a PC workstation using MOE 2006.08 and the
MMFF94x force field as supplied. Solvation effects were treated via the reaction field
electrostatic term with a solvent dielectric of 10. Dihedral restraints were applied using

both ortho carbons adjacent to the alkyne bond(s) such that a torsion angle of zero
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corresponded to syn NH, groups. Stepped rotations around the alkyne bond(s) were
achieved by applying torsional restraints in 15 degree increments for four complete
rotations to generate the energy profiles in Figures 15 and 16. Any restraint energy was
subtracted from the total and the dihedral angle used in the plots corresponds to the
average of the actual dihedrals. Two restraints were essential to prevent non-colinearity

of the alkyne bonds, particularly for receptor 2.
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Figure 1. Receptors 1, 2 and guanosine derivative, 3 used for binding studies; TIPS = triisopropylsilyl.
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Figure 11. Speciation curve for 1 upon addition of 3 in CDCl.
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Figure 12. Summary of equilibria in deuterochloroform for monoalkyne receptor 1.
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Figure 13. Summary of equilibria in deuterochloroform for dialkyne receptor 2.



Figure 14. C-P-K models of 1 at E;,(left) dihedral = 30° showing interactions between TIPS groups and E .« (right)

dihedral = 165°.



TIPSO
< TIPS
TIPSO oTps
(@] p)

. o © oTIPS
N N
A | ~OTIPS
N« =N NN Q
HH | N
AN- 7N
N~ "o H
He

N

H

O NS

E N" N O
min max H

. A
Wi M\

= Ll aRRY
S \1“ 7 0T | U

31
-1440 -1080 -720 -360 0

Dihedral angle (degrees)

Figure 15. Torsional energy vs. dihedral angle for monoalkyne 1
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