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Goals of the course

* To emphasize the importance of structural
information in predicting activity, reactivity and
selectivity

+ To promote and provoke the use of tools of
structural chemistry in the solution phase

= NMR methods
= Computational methods
= Integration of various methods
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Timetable

Wednesday 8.8.

13:00-14:00 Introduction lecture by Petri Pihko

14:15-15:45 Lecture 1 by Sam Gellman (SG): Hydrogen-bonded structures
15:45-17:00 Demonstration and initiation of computational exercise

Thursday 9.8.

08:30-11:00 Lectures 2&3 by SG: Aromatic-Aromatic Interactions and beta-Sheets
11:00-12:00 Lunch break

12:00-14:00 Continuation of the computational exercise
14:00-16:00 Lecture 4 by SG: Tertiary Structures

Friday 9.8.
09:00-11:00 Lecture 5 by SG: Foldamers
11:00-12:00 Concluding remarks, discussion of the computational results

|
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What i1s a "solution structure” ?
And why should we be interested?

+ Most (but not all') biological recognition events, catalytic processes and
indeed most chemical reactions take place in the solution phase

+ The shapes of the molecules in solution — their conformations — are of
course not as "frozen” as in the solid state

+ However, small molecules can display a high level of conformational
rigidity in solution if there are sufficient conformational constraints (i.e.
allylic strain) or attractive interactions (hydrogen bonding, dispersion
effects etc.)

+ Rigid, conformationally constrained molecules are often useful for

= Platforms for new catalysts and ligands (enantioselective catalysis)
= in drug design where the presence of multiple conformations may reduce
binding and hence the efficacy of the pharmaceutical candidate
+ A ”solution structure” is an ensemble of lowest energy
conformations of the molecule

f%y = A combination of computational and NMR tools are often used to determine

T the solution structures

UNIVERSITY OF JYVASKYLA © Petri Pinko 2012 5



Conformation and
configuration

bond rotation
OH => ring flip

\moH same configuration
different conformation

diaxial diequatorial
conformer conformer
requires
bond
OH breaking!
W R WOH different configuration
syn anti
isomer isomer

¢
|
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Conformational analysis

» conformational preferences in
cyclic and acyclic molecules

K=?
H H
0 rate = ?
ﬁ == _ /7 OH

» prediction of structural parameters
* predictions on reactivity

* predictions of binding, inhibitory
activity, biological activity ->
medicinal chemistry

 shapes of proteins

Hy O R 4 O R
A LA N L
yl’l iR'I H O Ii?) H 0O
¢
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Barriers to rotation around
single bonds

Most C-C o bonds have a
varying degree of n character:

e \ IX o S
H® H HE N o Q
12 kJ/mol 30 kJ/mol T, Ty

two molecular orbitals

of ethane
O
v i 9 M
" '|\l H)E)N/ O%O_
| d /O
85 kJ/mol 260 kJ/mol
Nitrogen lone pair
donates e density
/ to C=0
l
-
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Detection of rotational
barriers

eThe barrier of 20 kdJ/mol for butane corresponds to a rate of rotation of two
billion (2%10°) rotations s™'. The different conformers cannot be detected by
NMR.

eThe ‘shutter speed’ of any spectroscopic method is given by the equation

K = nAVIN2 = 2.22 X Av

where k is the fastest exchange rate that allows separation of individual
signals and Av is the separation of those signals in Hz.

Fora 400 MHz NMR spectrometer, two signals separated by 1 ppm are 400
Hz apart => k = 888 s'- However, in an IR spectrometer, two absorptions
separated by 100 cm! correspond to a wavelength of 0.01 cm or a frequency
of 3x10'2 s

=>k = ca. 7x10"? s,

Y .
ﬁ => IR can detect changes happening a lot faster than NMR!
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Computational methods

¢ abinitio

= hydrogen-like orbitals are used to arrive at a self-consistent field

= fundamentally the most accurate and reliable method

= separation of individual energy contributions not always easy

= requires heavy computational resources

= allows computational treatment of solvation models, transition states etc.
¢+ Molecular mechanics

= empirical force fields based on classical mechanical analogues

= quick, accurate and reliable (atomic positions ca 0.01 A, angles 1-2 °, AH, ca
10 kd/mol)

= can be done on a PC on fairly large systems, even dynamics quite easy
= limitations: poor with electronic effects

¢
|
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Computer times and results
for propane

Molecular Semi- ab initio ab Exp.
mechanics empirical 3-21G initio
(MM2) MINDO/3 6-31G*
CPU time 0.83 9.75 550 4702
Mec 1.534 1.495 1.541 1.528 1.526
CCC angle-° 111.7 121.5 111.6 112.7 112.4
AH®, -24.8 -26.5 - - -25.0
(kcal/mol)
¢
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Molecular mechanics

m  Empirical force fields

¢
|
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Total strain energy: bond stretching + bond angle distortion +
torsional strain + nonbonded interactions

Es = E(r) + E() + E(¢) + E(d)

Simplified equations:

E(r) = 0.5 k,(r-rp)?

E(0 =0.5 kq(Aé?)2

For molecules with a threefold torsional barrier,
E(¢) = 0.5 V,(1 + cos3¢)?

Nonbonded interactions: van der Waals energies

Today several force fields available, most common are MMFF, MM3
and AMBER

© Petri Pihko 2012 12



Cliff notes on energy
minimization

m Minimization methods:

m  Steepest descent (SD): follows the gradient of the energy
function at each step

Can lead to backtracking
Does not converge easily (gradient becomes smaller!)
OK if the conformation is far from minimum

m  Conjugate gradient (CG): remembers the gradients calculated
from previous steps

m  Reduces backtracking; faster than SD

m  Newton-Raphson or BFGS: predicts the location of the
minimum and begins a descent towards it

m  Requires most memory
¢
T
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Ethane

eclipsed staggered
H H 60° rotation Ho B
H\\\ //,/H H\\\
H H H H
/7 penalty: 4 kd/mol each (1 kcal/mol)
H _ H
H 60° rotation H H
H _ -
H H H H
H H

© Petri Pihko 2012
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-
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Conclusion: barrier in
ethane is ca. 12 kdJ/mol
~ 3 kcal/mol

1 kcal/mol per eclipsing
H-C-C-H

///——————— penalty: 4 kJ/mol each (1 kcal/mol)

H H (o} . H
60" rotation H H
H
H H H H
H H

© Petri Pihko 2012 15



fully eclipsed
(synperiplanar)

20 kJ

60° rotation

¢
|
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Butane

gauche
(synclinal)

eclipsed
(anticlinal)

gauche interaction

/7 4 kJ 6 kd each
CH3 H CH3

staggered
(antiperiplanar)

H@cm 60° rotation @ 60° rotation
H
H H H CH3
H

H
(. 4.5kJ
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Belative E{kJ/mol)

20,
1°7.
15.

1e

10,

[
|

0

0
5_
D_

.57

D_

-5
.07
-5

Butane

gauche
(synclinal)

HCH3l

H

staggered
(antiperiplanar)
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120 180 240
Dihedral Angle {Derq)

300

360
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Rotational barriers in other
molecules

H H H H
H H H CH3 H CH3 HsC CH3
H H H H H H H H
H H CHg CH3
12 kJ/mol 14 kJ/mol 20 kJd/mol >20 kJ/mol
H
H H H H H H
H H H H H
H H H
12 kd/mol 8 kJ/mol 5 kJ/mol

@ Note: rotation becomes easier as the number of eclipsing bonds decreases
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Composition—equilibrium-—
free energy

More stable  Equilibrium  Free energy

K Isomer Constant AGys
A — - B (%) (K) (kcal/mol)

55 1.22 -0.119

AG = — RT In K 60 1.50 -0.240

65 1.86 -0.367

70 2.33 -0.502

75 3.00 -0.651

80 4.00 -0.821

85 5.67 -1.028

90 9.00 -1.302

95 19.00 -1.744

98 49.00 -2.306

99 99.00 -2.722

ff%? 99.9 999.0 -4.092
-
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Donors and acceptors

+ Anomeric effect: interaction
between alone pair n and 9 X
neighboring antibonding o* ‘
orbital R 4% R\O&C\H

¢ Interaction greatest when @ c* X

the orbitals are o

antiperiplanar
+ Generally: The most

favorable conformations R
have the best donor (lone
pair or bond) antiperiplanar © ©

to the best acceptor bond.

¢
|
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Donors, acceptors and
gauche-effect

* Donor orbitals: ny > ng > 6, 6cy > Ocx (X=N>0O >S > Hal)
* Acceptor orbitals: n*-_5 > 6*c.ya > 07 c.o0 > O ccr O ey
¢ gauche effect: In systems X-C-C-Y (X = electronegative group) X

and Y disfavor antiperiplanar orientation to each other, but prefer
antiperiplanarity to C-H or C-C bonds.

H H H
Ho N = H@“ @H /09 /%7
7 F FNH A
FH F

H202 not stable
%
-
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Case: Calyculin A

+ Inhibitor of protein phosphatases 1 and 2A (PP1/PP2A), key regulatory
enzymes that regulate the level of phosphorylation of many proteins

¢ Other inhibitors of PP1/PP2A include okadaic acid, tautomycin, and the
microcystins (from cyanobacterial blooms)

OH O R

37 g = E
~ ~ ~ O
MGOW” D0
MesoN OH N 26

Calyculin A (1): R=H

Calyculin B (2): R =H, (2E)-isomer
Calyculin C (3): R =Me

Calyculin D (4): R = Me, (2E)-isomer

¢
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X-ray structure of calyculin A

¢+ |s this how the compound binds to its target?

, OH O . N
H z o
Meo/\l/\l)J\H/?)z\/so\(
MezN OH N

Calyculin A

¢

For a comprehensive docking study of multiple inhibitors with PP1 and PP2A, see: Gauss, C.-M,;
Sheppeck, J. E.; Nairn, A. C.; Chamberlin, R. Bioorg. Med. Chem. 1997, 5, 1751-1773.
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Starting point (1995):. X-ray of
PP1 with microcystin inhibitor

I Goldberg, J.; Huang, H.-B..; Kwon, Y.-G.; Greengard, P.; Nairn,
- ASKYLA A. C.; Kuriyan, J. Nature 1995, 376, 745-753. © Petri Pihko 2012 24



Alternative view of PP1-
microcystin complex

[/ /
(4
-—w
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1997: An "educated guess” — extended
conformation for calyculin A?

A model of calyculin A (space-filling model) bound to the active site of
PP1. The solvent-accessible surface of PP1 is displayed. Regions of the
surface that have a highly negative electrostatic potential are shown in
red, with a smooth variation in color through white (zero) to blue (positive).
Selected residues contacting the inhibitor on the surface of the protein are

also shown.
I Lindvall, M. K.; Pihko, P. M.; Koskinen, A. M. P. ‘J. Biol. Chem. 1997,
272, 23312-23316.
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Mika Lindvall |

1st )
Computational Chemist at Novartis
San Francisco Bay Area | Pharmaceuticals
Current Computational Chemist at Novartis [T
Past Computational Chemist at GlaxoSmithKline 7
Education QOulun yliopisto
University of California, Berkeley
Connections 93 connections
Public Profile  http:/fwww.linkedin.com/pub/mika-lindvall/8/697/79b
Share .| PDF = Print £l yCard Flag

Drug discovery scientist applying computational chemistry to advance preclinical research.
Experience in two pharmaceutical companies where co-inventor of novel agents in three
therapeutic projects entering human clinical trials.

Specialties
// Computational and experimental hit finding to identify new chemical starting points for drug
(1 discovery projects. Computer-Aided Drug Design. Kinase and other enzyme inhibitors in
T oncelogy and inflammation.
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Solution structure of
calyculin A

Figure 2: (A) The solution structure of Calyculin A in chloroform. (B) Calyculin A in methanol. (C)
/// Dephosphonocalyculin A in chloroform, and (D) Dephosphonocalyculin A in methanol.
T Volter, K. E.; Pierens, G. K.; Quinn, R. J.; Wakimoto, T.;

Matsunaga, S.; Fusetani, N. Bioorg. Med. Chem. Lett. 1999,
UNIVERSITY OF JYVASKYLA 9, 717-722 © Petri Pihko 2012
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Tools for the solution
structure generation (1999)

* NMR spectra of Calyculin A in CDCI; or in CD;0D were obtained:

= COSY and TOCSY for 'H assignments
= NOESY and ROESY experiments (mixing times 50 to 250 ms) to
generate distance constraints:
o Cross-peaks were divided into strong (1.8 — 2.5 A distance constraint),
medium (1.8 — 3.5 A) and weak (1.8 = 5.0 A)

e These distance constraints were then used in simulated annealing in
MacroModel 6.0 (MM2* force field) — this involved heating the molecule to
1000 K for 0.2 ms, followed by cooling to 200 K to generate 100
structures. These structures were then minimized (MM2*) using TNCG
(Truncated Newton Conjugate Gradient) method.

+ This procedure eventually led to an ensemble of structures, and the 20
lowest energy conformers were selected and superimposed

= Today the procedure would be essentially the same except that the
modeling tools have become easier to use and more accurate

%
=
I Volter, K. E.; Pierens, G. K.; Quinn, R. J.; Wakimoto, T.; Matsunaga, S.; Fusetani, N.
Bioorg. Med. Chem. Lett. 1999, 9, 717-722 © Petri Pihko 2012 29
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X-ray of calyculin A
bound to PP1 — vindication of
the extended Conformatlon




Alternative view




Stereo view of calyculin A
bound to PP1

Calyculin A: orange, key contacting residues are shown in stick model, and two Mn2* ions in
the enzyme are shown as lilac spheres




Overlay of predicted and X-ray
structure of calyculin A in PP1

¢
|
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Classical Oligosaccharide
Synthesis

= Requires the synthesis of differentially protected donors and acceptors

= |n the construction of more complex oligosaccharides, very lengthy
syntheses can result

@)
PO% " activator X&‘ activator 2 o)
. PO 0 PO\ —

O —
o . N
Pl'

LG
2 LG,

¢
|
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Case 2: de novo synthesis of
oligosaccharides

o/B glycoside linkages
should already be
established in the welding
precursors

O
‘% 0
PO N~ __
@y TR,
P /E\& P"O/Eﬁ
Protective group .

differentiation is not /
required

V
|
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Examples of Classical
Subunits

BnO ~OBn BnO BnQ .OBn BnO BnO _OBn OBn HO
A N T = e VD
O i O i BnO .
O TCAHN PivO TCAHN PivO OPiv
OBn OBn
pivo OPiv BnO pivo OV
PVO o piy
Le/Le”
OBn
BnO ~OBn Lo o Q i 5 OBS 0
Il av D moc P
Bnokg;é{,.o—moauyz FmocO OP(OBu), BN &D;F: OP(OBu);
OFmoc o TCAHN BnO OBn v
0-P(0Bu), FmocO-Noa~OP1OBU),
Pivo OFIv v

Prof. Dr. P.H. Seeberger Angew. Chem. Int. Ed. 2004, 43, 602
¢
|
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Protection Strategy

Examples of regioselective  Ph MesNBH; A|C|B”O§L = This kind of differential

: CH,Cl, eth . )
protection of mt_ethyl B-D- O Zy' protection must typically
galactopyranoside be performed to each and

o BzO OB every monosaccharide
b HO n .
o /B(ZCI, NaCNBH3 subunit
o) pyridine H*, THF BzO OMe
%& And we are not even
OMe oh touching the subject of
HO OH G OMe) \ &o donor activation or a/b
2, o« e .
H*, DMF 1 equiv. BzCl, 0 selectivity in the
= OMe Prane izt oo ome  9lycosylation step!

O OBZ OH

a, b 1) acetone, H*
2)BzCl, pyridine
MeO OMe f AcO OBz
O OBZ Bz o)
>< H', H:8m0 OMe
MeC(OMe)ng

OBz
H* H,0~HO OBz 1) (BuzSn),0 HO OBz
’ 0 P-)AcCJ—> 0
,g? AcO OMe
gg? OBz OBz

-
I ¢ Stefan Oscarson, GGS Glycosynthesis course 25.05.2007
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De Novo Saccharide Welding:
the Principle

o/p glycoside linkages

should already be

established in the welding
* precursors

0
0
‘% Po/mo
o k AL
ﬂ o - %o
I Vot 0}
Protective group .%

differentiation is not
required

= The saccharide units, already including the glycosidic linkages, are welded
together to generate a central monosaccharide unit

= No need to worry about glycosidic linkages in the coupling step

& |
|
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Strategy:
Hetero-Diels-Alder (HDA)

XR,,

X
+ ’
OSIRs OP OP ~ o o
T 7 e or T g&/o\/ok/:\l\ —_— c&/ \/?:')\
- PO
(@) (@)
OP PO op OH

simple diene
disaccharide precursor trisaccharide
OoP OP o
e OR
Po\%@/o —_—
oP \)J\H A
Z 0P
sugar aldehyde O, O gp
+ LJ\ oP_op o
PO” Y~ “oOP %&/ . OP op
OP PO op ° e 4%&/0
- PO
sugar diene
PO” > oP
oP
trisaccharide tetrasaccharide
/;“/) For reviews of HDA methods, see: a) Jorgensen, K. A. Angew. Chem.
- Int. Ed. 2000, 39, 3558; b) Pellissier, H. Tetrahedron 2009, 65, 2839.
I For precedents in the synthesis of monosaccharides, see e.g.

UNIVERSITY OF JYVASKYLA  Danishefsky, S.; Maring, C. J. Am. Chem. Soc. 1985, 107, 1269. © Petri Pihko 2012 39



Synthesis of the Starting
Materials

HO N 6%, ponly i) OsOy4
OAc OAc BF,OFt, OAc OAc ”)NN'\Q% OAc,OAc }
OAc ——>» O " %
AcO AcO O AcO O
OAC CH,Cl, A X ASO \/go
i) NaOMe 88 %
MeOH
i) BnCl
NaH
OBn_ OBnN 1) OsO, OBn_OBn
N2 o e 5,858 o]
BnO O NalQs 5o O
BnO M BnO \/go
52 % 95 %

¢
|
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Synthesis of the Diene
Component

=
Ho N\
NaOAc
HO Og Ac0  AcO ngc BF3OEt, v Oéc -only B form of sm reacts
HO —> "Xc0 —_— g\c&o in the allylation step
HO ™" OH AcO ™" OAc CHzCly o
a:p 1:3 pure B, 52 %

108 g (80 %)

RuCl3-H,0 CH,Cl,-MeCN-
NalO4 H,O-HOAc

A0S0 Q
C
ACO&/O\)J\OH 3.4.9 (95 %)

OAc

i) oxalyl chloride
DMF (cat)
CH,Cl,

ii) ethyl vinyl ether
EtsN
QEt MeCN

X TBSOTf OAc

Et;N  AcO o) OEt

OAc Z>0TBS € AcO Oﬂ
y A&?&O CH.Cly Ohc
% OAC O
-—w

~1:1 mixture of two
409
I 535 mg (40 %) diastereomers

UNIVERSITY OF JYVASKYLA 1.7 9 (42 %) © Petri Pihko 2012
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Trisaccharide synthesis

trisaccharide

sugar aldehyde sugar diene
oP OP N
0]
@) X catalyst
o Poe
PO oP

O ([0

O//,,, @) "‘\\\OP
L :
PO g OP
oP
OBNOBn o7
o *
BnO © . O
OBn Ou, O\ OAG MgBr, OEt, : 57%, 2 different diastereomers
Gal J/\) 5 mol% (R,S)-Cr-cat: 41%, single diastereomer |
AcO Y "OAc 5 mol% (S,R)-Cr-cat: 50%, single diastereomer %N /O
6AC \Cr\C|
OACOAG N Gal (R,S)-Cr(inda) 2
O *
AcO © . O
OAc O, O~ no cat: no reaction
Gal J/\J\ SRe MgBry OEt, : 47%, 3 different diastereomers
//é AcO Y OAc 5 mol% (R,S)-Cr-cat: 61%, single diastereomer
o OAc 5 mol% (S,R)-Cr-cat: 68%, single diastereomer
| Glu
© Petri Pihko 2012 42
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trisaccharide

Trisaccharide synthesis 2

o

sugar aldehyde sugar diene
OoP
OP OP o OR g‘g/
o) O~
(@) X catalyst PO e
PO&/ \)J\H + —>y OopP (@) @) N
OP Y, o N
~or L
PO” Y YOP
OoP

X

/

OAc 0]
MO ok
AcO « O
OAc O, _OL w~
‘ © OAc 15 mol% (R,S)-Cr-cat: 51%, single diastereomer
5 mol% (S,R)-Cr-cat: 31%, single diastereomer
|

Glu
AcO X OAc
OAc
Glu
o /Cr\CI
Acgcfﬁo@’ (R.S)-Cr(inda) 2
AcO o
O d N0
5 mol% (R,S)-Cr-cat: 48%, 92:4:4 ratio of diastereomers
5 mol% (S,R)-Cr-cat: 31%, mixture of diastereomers

Man
O, O
D‘\\\OAC
AcO OAc
© Petri Pihko 2012 43
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Relative Stereochemistry

NMR studies Conformational analysis

JB4—B5 =2.7Hz
Jgo-ga = 1.6 Hz (W coupling)

= 1097 conformers generated by Monte Carlo search (MMFFs force field)
* 10 lowest energy conformers of each cluster optimized by DFT
B3LYP/6-311G**

= The relative configuration of the B ring is cis
= NMR studies and conformational analysis appears to support

@ the unnatural L configuration of the newly generated B ring
w = The coupling constants of the B4 proton in all other products were
| virtually identical

UNIVERSITY OF JYVASKYLA © Petri Pinko 2012 44



Further evidence for the proposed
relative stereochemistry

from the solution structures

L-configuration 4

Gas Phase Energy (kJ/mol): 0.0 Gas Phase Energy (kJ/mol): 20.7
Solution Phase Energy (kJ/mol): 0.0 Solution Phase Energy (kJ/mol): 37.1

D-configuration
4-0O-ax

¢

!/ | ¢
I Gas Phase Energy (kJ/mol): 53.3 Gas Phase Energy (kJ/mol): 33.7

. . Solution Phase Energy (kJ/mol): 45.9 Solution Phase Energy (kJ/ 245
UNIVERSITY OF JYVASKYLA oy ( ) ut 9y ( @?Deﬁ*l I§|hko 2012
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The piece that fits

NMR DFT

key NOE - observed L-configuration
in both 2D NOESY and Jpaps = 1.5 Hz 4
"H DPFGSE NOE

Jgo.ga = 1.6 Hz (W coupling)

AcO f

Gas Phase Energy (kJ/mol): 0.0
Solution Phase Energy (kJ/mol): 0.0

¢
|
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