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Appendix 1

Cremer Pople Puckering Parameters (CP)

Cremer and Pople®' proposed a coordinate system to describe the geometry of an N-
membered monocyclic ring, which requires the specification of an appropriate reference

plane. The mathematical details are given below.

Let the position of each atom, j, in the N-membered puckered ring be specified by the
Cartesian coordinates (X ;, Y;, Z;); and let R; be the corresponding position vector of ring
atom j, with the origin, (0, 0, 0) as the geometrical center of the ring, such that it satisfies

Equation (S1):

> Rj=0 (S1)

From this constraint, it follows that Z;V:1 zj = 0, and effectively suppresses translation of
the planar reference. Two additional constraints, Equations (S2) and (S3), are imposed to

suppress overall rotation of the planar reference about the z- and y-axes:

N

]Z:; 2; oS (W) =0 (S2)
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The orientation of the mean plane can now be determined by two vectors, R" and R”, as in
Equations (S4) and (S5), where n is the unit normal vector to the mean plane, Equation (S6);

note that the positive direction of n defines the “top” side of the ring.
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Using the ring atom position vector and the unit normal vector, n, defined by R’ and
R", we can compute the full set of displacements from the mean plane, z;, for ring atoms
j =1, ..., N, using the scalar products in Equation (S7); this will also satisfy Equations
(S2) and (S3) automatically:

zi=Rj-n (S7)

The general ring-puckering coordinates for an N-membered ring are calculated as follows:

If N is odd and N >3, we define ¢,, and ¢,, using:

G COS Gy = zj cos <27rm5{[ _ 1)) (S8)
Gm SIN Oy, = zj sin (QWm% 1)) (S9)

These formulae apply for m =2, 3, ..., (N2—1)

. They represent a set of puckering coordinates

with zero or positive amplitudes, ¢,,, (¢, > 0), and phase angles, ¢, (—7 < ¢, < 7).

If N is even, the coordinates in Equation (S8) and (S9) apply up to m = % — 1, but there
is an additional puckering coordinate, as shown in Equation (S10); note that the amplitude

g~ can take either sign:
2

gy = [Z zi(— (S10)



Ring Ordering

The Cremer-Pople ring puckering parameters provide a quantitative means to describe the
atomic coordinates of a ring. We should note that the representation is atom-order depen-
dent. The choice of the first atom and the atom numbering order, ¢.e. clockwise or anti-
clockwise, will affect the outcome. To overcome this ambiguity, we introduced a new atom
numbering scheme that is based on the bond order, connectivity (number of substituents
attached to the ring atoms), and the element types in the ring. The first atom is chosen with
the highest bond order, i.e. triple > double > aromatic > single. If the bond order of all the
ring bonds is the same, such as in cyclohexane, then atomic connectivity is used to deter-
mined the first atom. Atoms with exocyclic double bonds have the highest priority, followed
by atoms with two non-hydrogen substituents, followed by one non-hydrogen substituent,
and finally no substituents. If the first atom cannot be determined by the rules above, then
the atom with the minimum atomic number is assigned as the first atom. Otherwise, the

first atom is assigned randomly when the ring is symmetric, such as in cyclohexane.

The direction of numbering can be determined by the sum of the ring bonds’ bond orders,

ring atom connectivity, and ring atom element types in a ring path. The ring path takes

N+1

N+2
2 2

atoms when N is even, and atoms when N is odd. For any N-membered ring,

the path with the largest sum of bond orders is chosen. Similarly, the path with the largest
connectivity sum is selected when there are multiple paths with same bond orders (an

example is shown in Figure S1). If multiple possibilities exist, the path with the minimum

when N is even (or atom !

N+2
2 2

sum of the atomic numbers from the first atom to atom

when N is odd) is chosen.

Figure S1: Atom ordering for 1-Methylcyclohepta-1,3-diene. There are two possible order-
ings, including: (0,1,2,3,4,5,6) and (3,2,1,0,6,5,4), based on the bond order criterion. Since
atom 0 has one non-hydrogen (methyl) substituents, it has a higher connectivity than atom
3. Thus, the final atom ordering is:(0,1,2,3,4,5,6).



For cyclic peptides, we introduced an additional criterion for ring atom numbering. We take
the volume of the amino acid side chain of the amino acid into account, and giving highest
priority to the bulkiest side chain, trypotophan, and so on down to glycine. The amino acid
ranks are listed in Table S1.

Table S1: Amino Acid Volume Ranking.

Amino Acid  Volume (A3%) Rank

Tryptophan 227.8 1
Tyrosine 193.6 2
Phenylalanine 189.9 3
Arginine 173.4 4
Lysine 168.6 )
Isoleucine 166.7 6
Leucine 166.7 6
Methionine 162.9 8
Histidine 153.2 9
Glutamine 143.8 10
Valine 140.0 11
Glutamic acid 138.4 12
Threonine 116.1 13
Asparagine 114.1 14
Proline 112.7 15
Aspartic acid 111.1 16
Cysteine 108.5 17
Serine 89.0 18
Alanine 88.6 19
Glycine 60.1 20

Ring Substituent Orientation

Ring substituents play an important role in determining ring geometries. To quantify their
role, we used a coordinate system to describe each substituent’s orientation, which is com-
plementary to Cremer-Pople puckering parameters.>? The mathematical details are given

below.

Let n be the unit vector perpendicular to the mean plane (as defined in Cremer-Pople puck-
ering parameters); let s; be the unit vector pointing from a ring atom, j, to the corresponding
substituent, S; let u be the vector that points from the geometrical center to the projection
of the position of the ring atom onto the mean plane; and let v be the vector perpendicular

to both n and u. The substituent orientation can now be described by two angles, a and :



a ranges from 0 to 7 radians, while [ ranges from —n to 7 radians. The ring substituent

angles,  and 3, are defined by Equations (S11), (S12) and (S13).

cosa=s;-n (S11)
s; - u; = sinacos 3 (S12)
s;-v; = —sinacos (S13)

Unique Ring Familes (URFs)

To study the puckering preferences of complex rings system such as fused rings and spiro
rings, we apply the concept of unique ring families®® (URFs) to decompose complex ring
systems into multiple sub-groups. We then apply a standardized numbering scheme in all
sub-groups and calculate their puckering parameters. This decomposition is also used in

ring reconstructions, as described in the next section.

The calculation of URFs comprises two parts: (i) calculation of Relevant Cycles (RCs),
where the RCs are defined as the union of all minimum cycle bases; and (ii) pairing of RCs

if they are URF-pair-related (see Definition 1).

Definition 1. Let C; and Cy be two RCs in a molecular graph, G; then Cy and Cy are

URF-pair related if and only if all of the following conditions hold:
1. |Cy]| = |Cy|, i.e. the number atoms in each ring is the same;
2. E(Cy)N) E(Cy), i.e. the two rings share one or more bonds; and

8. There exists a set, S, of strictly smaller rings, c, in G such that C; @(P,q¢) = Cs.

Reconstructing Cartesian Coordinates from Cremer-Pople
Puckering Parameters

Cremer-Pople puckering parameters are uniquely defined and can be easily calculated from

the Cartesian coordinates of the atoms in a N-membered ring. On the other hand, the
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Cartesian coordinates of any N-membered rings can be derived from its N — 3 puckering

parameters and additional 2N — 3 internal coordinates that describe the planar reference

ring. The calculation comprises the following steps:
1. Calculation of z evaluations;
2. Projection of bond lengths and bond angles on the mean plane;
3. Ring partition; and

4. Ring partition coordinate calculations.

Step 1: Calculation of z elevations

Cremer-Pople puckering parameters are required for this calculation, and the inversion for-

mulae for an N-membered ring are given below:

2 1
qucos (qu M) if V is odd

N "2

2 1 1 -
Z G COS <(bm M) + —qn(—1)"',  if Nis even

for ring atoms j =1,..., N.

Step 2: Projection of bond lengths and bond angles

(S14)

(S15)

Once the z; coordinates have been determined, the bond lengths, ', and bond angles, /3, of

the planar reference ring can be computed by projecting the N bond lengths, r, and N — 3

bond angles, 3, of the puckered ring onto the ring’s mean plane. The N projected bond

lengths, r, and N — 3 projected bond angles, 3, suffice to determine the (x, y) coordinates

of the projected atoms. The initial bond lengths and bond angles are listed in Tables S2

and S3, respectively. Note that the reference bond lengths and bond angles will vary with

ring size. For ring atoms ¢, j, and k:



rij = ’\/rfj — (z; — 2;)? (S16)

(2 — 2)% — (21 — 2:)? — (26 — 2:)® + 213573 cos(Byjin,)

/ /
2rij7"jk

cos(Bijn) = (S17)

Table S2: Reference Bond Lengths. Aromatic atoms are represented by lower case.

Bond Ring Size, N Bond Length (A)

c—C 5 1.535
Cc=C 5 1.339
c—cC 5 1.403
Cc—C 6 1.531
Cc=C 6 1.336
c—<C 6 1.388
c—C 7 1.530
Cc=C 7 1.339
c—cC 7 1.390

Table S3: Reference Bond Angles. Aromatic atoms are represented by lower case.

Bond Angle Ring Size, N Bond Angle (rad)

cC—C—C 5 1.816
C=C—C 5 1.904
c—c—C 5 1.859
Cc—C—C 6 1.931
Cc=C—C 6 2.132
c—c—C 6 2.097
Cc—C—C 7 1.979
Cc=C—C 7 2.188
c—c—C 7 2.256

Step 3: Ring partition

To calculate the (z, y) coordinates of the planar reference ring, we partition the ring into
three segments, S, S5 and S3, by inscribing a triangle inside the ring. The number of atoms,
bond length, r, and number of bond angles, 3, in each fragment are listed in Table S4. This

partitioning keeps the error progression due to coupling of the ring parameters at a minimum.



Table S4: Partitioning of a Projected Planar Ring into Segments Sy, Sy and S5. The number
of atoms, bonds, and angles in each of the three segments are given for N-membered rings
of varying size.

# Atoms in Segment # Bonds in Segment # Angles in Segment
N 51 S Ss S S Ss S1 S, Ss
5o 3 2 3 2 1 2 1 0 1
6 3 3 3 2 2 2 1 1 1
7T 3 4 3 2 3 2 1 2 1
8§ 4 3 4 3 2 3 2 1 2
9 4 4 4 3 3 3 2 2 2
10 4 5 4 3 4 3 2 3 2
11 5 4 5 4 3 4 3 2 3
12 5 5 5 4 4 4 3 3 3
13 5 6 5 4 5 4 3 4 3
14 6 5 6 5 4 5 4 3 4
15 6 6 6 5 5 5 4 4 4
16 6 7 6 5 6 5 4 5 4

Step 4: Ring partition coordinate calculations.

The (z, y) coordinates of the atoms of each segment can be calculated from the " and 5’ val-
ues. In the next step, the coordinates of the vertices of the inscribed triangle are determined
by lengths of the sides of the triangle, namely R;, Ry, and R3, which are equivalent to the
distance between the terminal atoms of each segment. One point of this triangle is placed
at the origin, and second point on the positive z-axis. The coordinates of the remaining
vertex of the triangle can be calculated easily using Ry, R, and R3. In the remaining steps,
the three segments are rotated such that the terminal atoms coincide with appropriate seg-
ments. Finally, the planar ring is translated such that the geometric center coincides with

the origin, thus yielding the final set of Cartesian coordinates.

The procedure outlined can be applied to any N-membered ring with or without symmetry.
For complex rings, this procedure is applied to all URFs in a molecule. Note that this
procedure is sensitive to the puckering parameters, bond lengths and bond angles in the

planar reference ring. Poor parameter choice will lead to numerical error.



Connection between Ring Puckering, Substituent Orientation and

Torsion Angles

It is well known that the substituent orientation changes upon puckering. Pseudo-rotation,
a specific type of ring puckering, is of interest. To understand the change of substituent
orientation upon pseudo-rotation, we propose two models, 1 and 2, to predict the orientation
angles, a and f, of a substituent. Both models share the same functional form (Equation
S18), but the estimated parameters, A;, B, ., Cim, Di, Eim, Fim, and G; will be different.
Note that a; and §; are the orientation angles of the substituents attached to ring atom, i,

and N is the number of atoms in the ring:

Model 1 and 2:

2tm(i — 1)

N )+

- ormi — 1),
o, B = A + Z B mGm coS( P, + T) + Z CiimGm SNy, +
m=2

m=2
Dilyan41) (—1)i_1Qg+

2rm(i — 2tm(i — 1)

M 1) M
zm: Bt 08(2(m + =) + zmj Fimt si0(2(6m + =)+

Gilnaarsn(—1)""gx

2

(S18)

where q,,, ¢,, are the puckering amplitudes and phase angles respectively. M = % when N

is odd, otherwise M = % —1. Ty 2(m41) is an indicator function, with 1 when N = 2(M +1).

Torsion angles are an alternative way to measure or define ring geometries. They are widely
used in conformational analysis of small rings. Inspired by the functional forms used in pre-
vious works,5* the Model 3, Equation (S19), can be used to map Cremer-Pople puckering
parameters to endocyclic torsion angles for general N-membered rings. Note that the func-
tional forms used in de Leeuw et al. can be recovered by applying trigonometric identities

and setting N = 5.
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Model 3:

2mm(i —

N D)+ 37 Ko sin (6 + 22 1)

M
egndo - Hz sz m m
i + Z mGm COS(Pp, + N

m=2

Lilyoorin(—1)"""gn

where Hj, J; m, Kim, L; are the model parameters. ¢,,, ¢, and 1yan41) are defined as

above. 0" is the endocyclic torsion angles defined by four ring atoms (i —1, 4, i +1, i +2).

Furthermore, a substituent’s orientation can also be expressed in terms of torsion angles and
bond angles. Here, we focus on the relationship between endocyclic and exocyclic torsion

angles, and a linear model, Model 4, Equation (S20), is proposed:

Model 4:
057 = P+ Qi0,"" (S20)

where P; and @); are model parameters. Endocyclic torsion angles are defined by the four
ring atoms (i — 1, 4, i + 1, i + 2), 05"%; while §5%° is the exocyclic torsion angle defined by
the substituent atom, s; attached to ring atom ¢, and the three ring atoms (i, ¢ + 1, i 4+ 2),

so the exocyclic torsion is defined by (s;, 4, i+ 1, i + 2).

For all models, a random sample of 50% of the data was used to estimate the model param-
eters, and the rest was used to assess the performance of the models. The associated model
parameters were estimated by the least-squares method for all models. The performance

metrics are discussed below.

Performance Metrics

Two metrics were used to assess the quality of the generated conformations, namely heavy
atom root-mean-square deviation (RMSD) and Torsion Fingerprint Deviation (TFD).5® The

lowest energy conformation obtained from CREST was used as reference conformation in

11



each case. RMSD is defined as follows:

Natoms

RMSD =

— Ty, ref (821)
atoms i=1

where N,ioms is the number of heavy atoms in the molecule, r; is the position of atom i,

and 7; e 1s the position of the corresponding atom 7 in the lowest energy CREST reference

structure. Symmetry is taken into account for the calculation. The implementations of

RMSD and TFD calculation in RDKit were used.

Three metrics: circular correlation coefficient R2

cire)

mean angular error (MAE), and standard
deviation angular error (circular distance between predicted and actual angles), were used

to assess the performance of our proposed models.
Circular Correlation

Since (torsion) angles are the same when adding or subtracting integer multiples of one whole
rotation, we need to use a metric that takes this rotational equivalence into account. Let 6°
and 0° be two circular variables; y, and j;, be the mean directions of % and 6°, respectively.
The mean direction of a circular variable can be computed using Equations (S24) and (S26)

below. The circular correlation coefficient, p., is defined as follows:

E(sin (ea — o) Sin(60" — 1))
9(1 eb S
pe )= \/ Var(sin(0® — p,)) Var(sin(6? — p)) 52

The circular correlation coefficient varies from -1 to 1, and is 0 when the two circular variables
are independent. We report p?, i.e., the square of the circular correlation coefficient, and

henceforth refer to this as “R% 7.
Circular Distance and Variation
The standard Euclidean distance is not applicable to angular data, due to its circular nature.

To measure the distance between two angular variables, #* and 6°, we must compute the

minimum arc length, do(6?,6°), between them:

12



do(6%,6°) = min(0* — 0°, 27 — (9* — "))

(S23)

Similarly, for a set of angular variables, 6;, the mean, %Zf\il 0;, is not well defined, as

it depends on where the circle is cut (here, N is the number of angular variables, not the

number of ring atoms as before). We compute the mean direction of a set of angular variables

as follows:

(©.5) = SN cosBy SN sinfy
’ N ’ N

13
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(S25)

(S26)

(S27)



Appendix 2: Relationship between Puckering Parame-
ters, Substituent Orientation, Endocyclic and Exocyclic
Torsion Angles

The fitted parameters of the models introduced in Appendix 1 are listed below. Here, we

only report the parameters of the conformational clusters that appeared in our analysis.
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Appendix 3: Datasets and Reference Structure Calcu-
lations

We used three datasets we used in our analysis: (i) 63,814 small organic molecules from
Crystallography Open Database (COD); (ii) 67,009 small organic molecules from ZINC; (iii)
8,661 cyclic tetrapeptides and 2249 cyclic pentapeptides that we generated using 14 of the
20 naturally occurring L-amino acids. The cyclic peptides (CPs) dataset contains only head-
to-tail cyclic peptides, i.e. cyclized from the N-terminus to the C-terminus, thus giving a

set of 12-membered rings (see Table S9).

Table S9: Fourteen of the naturally occurring amino acids were used to generate the cyclic
peptides dataset.

Property Amino Acids
Special Cysteine, Glycine
Charged Histidine, Lysine, Aspartic Acid, Glutamic Acid

Polar Neutral Serine, Threonine
Hydrophobic ~ Alanine, Valine, Leucine, Phenylalanine, Tyrosine, Tryptophan

Figure S2 shows the heavy atoms counts, molecular weights and the rings sizes of the
molecules from COD and ZINC. They normally consists of twenty to forty heavy atoms,
with few large molecules containing more than 100 heavy atoms. Their molecular weight
ranges from 56 dalton to 2039 dalton, with median 386 dalton. Five and six-membered rings

are commonly observed (~ 10°). RDKit®® was used to computed these values.

To compare the puckering preference in gas phase and solid state, the full set experimen-
tal determined X-ray crystal structures from COD (110197 molecules) were used. These
molecules contain a variety of element types in the rings, including boron, carbon, nitrogen,

oxygen, silicon, phosphorus, sulphur and selenium.
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Figure S2: Distribution of Molecular Properties: (a) number of heavy atoms; (b) molecular
weight; and (c) distribution of rings by ring size, on a logarithmic scale. Five and six-
membered rings are the most common (> 10°) ring sizes.
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Table S10: Molecules in the benchmarks set.

Name SMILES
cyclopentane C1CCCC1
cyclopentanol C1CCCC10
cyclopentene C1=CCCC1
2-methylcyclopent-2-en-1-0ol ~ CC1=CCCC10
cyclopent-2-ene-1,5-dione C1C=CC(=0)C1=0
cyclohexane Cc1cCcceCt
methylcyclohexane cc1ceccon
4,4-dimethylcyclohexanone O=C1CCC(C)(C)CcC1
cyclohexene C1=CCCCC1
1-methyl-1-cyclohexene CC1=CCCCC1
cyclohexa-1,3-diene C1=CC=CCC1
cyclohexa-1,4-diene C1=CCC=CC1
2,5-cyclohexadienone C1C=CC(=0)C=C1
cycloheptane c1ccceccel
cycloheptanone 0=C1CCCCCC1
cycloheptene C1=CCCCCC1

cyclohept-2-en-1-one
cyclohepta-1,3-diene

0=C1C=CCCCC1
C1=CC=CCCC1

cyclohepta-1,4-diene C1=CCC=CC(C1
6-methylcyclohepta-1,4-diene  C1=CCC=CCC1C

Generating Low Energy Structures

Experimental-Torsion Distance Geometry with basic Knowledge®” implemented in RDKit
was use to generate initial conformations, and Open Babel (version 2.4)58 was used for the

conversion between SDF file to XYZ file.

We simulated the lowest energy conformation using the Conformer-Rotamer Ensemble Sam-
pling Tool®® (CREST) based on GFN-xtb energy function.51%5! iMTD-GC workflow was
used in the search. Note that CREST may break molecules into fragments, and these

molecules are excluded in our analysis.

Ring Conformational Preferences

To investigate the puckering preferences of general rings, we computed all the relevant cycles
using RingDecomposerLib,5? and the Cremer-Pople puckering parameters were calculated

for each relevant cycle. For each ring size N, we clustered the rings according to the number

24



of non-single bonds in the ring, i.e. endocyclic double bonds, shared aromatic bonds and

triple bonds. The puckering preferences for different ring sizes are summarized below.

The canonical forms of small (5- and 6-membered) rings are well known, namely the envelope
and half-chair conformations for 5-membered rings; and chair, twist-chair, half-chair, and
boat conformations for 6-membered rings. These canonical forms give different puckering
amplitudes, see Figure S3 and S4. There is one pseudorotation phase angle in both cases,
and they are completely free when the rings do not contain any double bonds or shared

aromatic bonds.

The presence of endocyclic double and shared aromatic bonds typically alters the conforma-
tional preference. To assess the effect of additional constraints on puckering preference, we
clustered the observations based on the number of non-single bonds in the ring. Further-
more, we separated the rings with more than one non-single bond according to the location
of the non-single bonds. The puckering is restricted by the double bond, as illustrated in
Figure S3b and S4b. Strong amplitude-phase coupling is observed in 6-membered rings. The

locations of the double bonds affect the puckering preferences, as illustrated in Figure S4c.

This framework can be applied to larger rings. Similar to smaller rings, there are multiple
conformational clusters in 7-membered rings, as illustrated in Figure S5. There is now an
additional phase angle, ¢3, and we can observe strong phase-phase coupling in chair/twist-
chair conformations, while the pseudo-rotations are free in other conformational clusters.
Figure S6 shows multiple clusters in 7-membered rings with one double bond. The phase
couplings vary between clusters. Again, the location of double bonds significantly affects
puckering preferences, as illustrated in Figure S7. Figure S8 shows the puckering preferences
of 8-membered rings without double bonds. Likewise, there are several clusters and the
couplings vary between clusters. The pseudo-rotations are highly restricted in boat-chair

conformations, while they are free in crown conformations.

For larger rings, the number of conformational clusters increases, while the coupling between
puckering amplitudes and phase angles becomes more complex. It should be noted that small
local structural changes may result in significant changes in conformation through transan-

nular repulsion and intramolecular interactions. Although the effect sometimes propagates
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via ring strain to distal structural features, it is not completely understood. To gain further
insight into long range coupled ring bond rotations, we performed cluster analysis on a set

of cyclic peptides.

(a) (b)
1.0 1.0
0.8 0.8
0.6 1 0.6
N . N .
S 04l Monocyclic S 04l Monocyclic
Bi/Polycyclic Bi/Polycyclic
0.2 - observations 0.2 - observations
0 0
o~
<
o o-m2 0 m2 on 00 02 04 06 08 10 m -m2 0 m2 =
92 ®2 q2 ®2
(c)
0.4
o~
T 0.2 Position 1,2

Position 1,3
observations

0.0 0.2 04 -m -nj/2 0 n/2 n

g2 ®2

Figure S3: Puckering preferences for 5-membered rings: (a) 5-membered rings without any
double bonds or shared aromatic bond; and (b) 5-membered rings with one double bond or
shared aromatic bond. Panels (a) and (b) show that the marginal and joint distributions
of puckering amplitudes and phase angles in monocyclic rings (light blue), and bi- and
polycyclic rings (orange), are similar. Panel (b) shows that the puckering is restricted by
the presence of the double bond. (c) 5-membered rings with two double bonds or shared
aromatic bonds at 1,2-positions (blue), 1,3 positions (orange). Note that only two aromatic
bonds are allowed for positions 1,2. The puckering is further restricted by additional double
bonds. The effect of the location of double bonds is small in 5-membered rings.
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Figure S4: Puckering preferences for 6-membered rings. (a) 6-membered rings without any
double or shared aromatic bond. The phase angle, ¢, is uniformly distributed, suggesting
that pseudo-rotation is unconstrained. The puckering amplitudes, however, are correlated.
The mode (g3 = 0) corresponds to the boat conformation, while the other two modes cor-
respond to the chair conformations. The marginal distribution of puckering amplitudes and
phase angles in monocyclic rings (light blue), and bi- and polycyclic rings (orange), are
similar. (b) 6-membered rings with one double or shared aromatic bond; the existence of a
double bond alters the puckering preferences. Similarly, the marginal distributions of puck-
ering parameters are similar in monocyclic, bi- and polycyclic rings. (¢) 6-membered rings
with two double or shared aromatic bonds at different positions, as indicated by light blue
(positions 1,2; two aromatic bonds only), orange (positions 1,3) and green (positions 1,4).
The location of the double or shared aromatic bonds influences the puckering preferences.
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Figure S5: Puckering preferences for 7-membered rings with no double bonds. (a) Puckering
amplitudes, g2 and ¢3. The red box indicates the chair/twist-chair region, Wthh has the
highest density. There is another mode at g &~ 1 and g3 ~ 0.1, which is the boat/twist-boat
region (black box). The observations in between are the transitional conformations, i.e.
half chair, and are less frequently observed (green box). The conformational preferences
of both monocyclic rings and complex rings (bi- and poly-cyclic rings) differ slightly, with
complex rings having a higher chance of adopting a boat/twist-boat conformation. (b)
Phase angles, (¢2, ¢3), in the chair/twist-chair region (red box in a). There is strong phase-
phase coupling in chair/twist-chair region, while they are marginally uniformly distributed.
(c) Phase angles, (¢a, ¢3), in the transitional conformation region (green box in a) and
boat /twist-boat region (black box in a). There are no clear patterns, which suggests that
the pseudorotation is unconstrained in these regions. Conformations of cycloheptane: (d)
chair; (e) half chair; and (f) boat.
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Figure S6: Puckering preferences for 7-membered rings with one endocyclic double or shared
aromatic bond. (a) Puckering amplitudes, g, and g3. The red box indicates the chair/twist-
chair region. There is another mode at g, = 0.85 and ¢3 ~ 0.2, which is the boat/twist-boat
region. Note that we have combined the conformational preferences of both monocyclic and
complex (bi- and poly-cyclic) rings, due to the limited number of observations. Phase angles,
(2, ¢3), in (b) chair /twist-chair region; (c¢) half-chair conformations and (d) boat/twist-boat
region. Figures (b-d) show that pseudo-rotations are generally restricted. In the chair/twist-
chair region, ¢3 is fixed, while in the boat/twist-boat region, ¢, is fixed. We see strong

phase-phase coupling in half chair region.
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Figure S7: Puckering preferences for 7-membered rings with two endocyclic double or shared

aromatic bonds.

(a) Puckering amplitudes, ¢» and g3, in 1,3-cycloheptadiene-like struc-

tures. (b) Phase angles (¢2, ¢3) in 1,3-cycloheptadiene-like structures. (c) Puckering am-

plitudes, ¢ and ¢3, in 1,3-cycloheptadiene-like structures.

(d) Phase angles (¢2, ¢3) in

1,4-cycloheptadiene-like structures. Note that we have combined the conformational prefer-
ences of both monocyclic and complex (bi- and poly-cyclic) rings, due to the limited number
of observations. The location of endocyclic double or shared aromatic bonds has a significant
influence on both puckering amplitudes and phase angles. There are different pseudorotation
paths in 1,3- and 1,4-cycloheptadiene-like rings.
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Figure S8: Puckering preferences for 8-membered rings with no double bonds. (a) Puck-
ering amplitudes, (g2, ¢s3,q4); the diagonal histograms show that monocyclic and complex
bi- and poly-cyclic rings share similar puckering preferences, and multiple conformational
clusters are observed in the scatter plots. The boat-chair conformation (red box) and crown
conformation (green box) are frequently observed. (b) Phase angles, (¢2, ¢3), for boat-
chair conformations. We see strong phase-phase coupling in boat-chair conformations. (c)
Phase angles, (¢, ¢3), for crown conformations. There are no clear patterns in panel (c).
Conformations of cyclooctane: (d) boat-chair; and (e) crown conformation.
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Cyclic Peptides

Peptide cyclization imposes additional constraints on the conformations of peptides, and
reduces the thermally-accessible conformational space. There are several factors governing
the (backbone) conformation of cyclic peptides, including physicochemical nature of the
amino acids (in particular, the steric bulk of side chains), and the formation of intramolecular
interactions such as hydrogen bonds. To gain insights into the relative influence of these
factors, we investigated the puckering preferences of head-to-tail cyclic tetrapeptides and

cyclic pentapeptides.

Similar to small and medium-sized rings, there are multiple canonical conformational clus-
ters in cyclic peptides. These clusters can be classified by the configuration of the amide
bonds, thanks to their partial double bond character. The atoms involved in amide bonds
are essentially planar, and can adopt either cis (C) or trans (T) configurations. The con-
figurations of amide bonds leads to distinct types of backbone coupling motions, which are

summarized below.

Cyclic Tetrapeptides (Head-to-Tail Cyclization)

There are six possible conformational sequences of amide bonds in cyclic tetrapeptides: (i)
TTTT (all trans) ; (ii) CTTT ; (iii) CCTT; (iv) CTCT; (v) CCCT; and (vi) CCCC (all cis).
Typically, the trans amide bond is preferred overwhelmingly, however, the high transannular
strain reduces the energy barrier between cis and trans configurations, and cis is more favor-
able in cyclic tetrapeptides. Figure S9a shows that CCCT is the most frequently observed
form, followed by CCCC (all-cis), and alternating CTCT. These configurations induce dis-
tinct geometries, as illustrated in Figure S9b. The multi-modality of eccentricity values
indicates multiple sub-clusters within the conformational clusters. They can be classified by
the orientation of the amide carbonyl relative to the mean ring plane defined in the Cremer
Pople representation i.e. either above (U) or below (D) the mean plane. Figure S9¢ and
S9d illustrate the eccentricity values of the rings in each sub-cluster in the all-cis (CCCCQC)
and CCCT conformations. In addition to the configuration and orientation of amide bonds,

long range intramolecular interactions, such as side chain-side chain interactions, alter the
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conformational preferences, and lead to diverse geometries. The orientations of side chain Cs
atoms and amide carbonyl groups provide further insights into their effect on intramolecular

interactions, see next section.
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Figure S9: (a) Barplot showing the count of the conformational sequence of amide bonds
in the lowest energy conformation of the cyclic tetrapeptides. CCCT is the most frequently
observed form, followed by CCCC (all cis), and then alternating CTCT. (b) Density plots
showing the eccentricity of the backbone under different configurations of the amide bonds.
CCCC and alternating CTCT give high eccentricity values, while TTTT (all-trans) give the
lowest eccentricity values. (c¢) Eccentricity values of sub-clusters in all-cis conformation. (d)
Eccentricity values of sub-clusters in CCCT conformation. The orientation of the amide
carbonyl is denoted as (U) when it is above the mean plane, while it is denoted as (D)
when it is below the mean plane. The orientation amide bonds influence the geometries of
the rings. The multimodality in sub-clusters reflects the effect of long range intramolecular
interactions on the backbone geometries.

As expected, the puckering preferences vary between different sub-clusters. For example,
Figure S10a shows clear-cut puckering amplitudes, (g2, g3, G4, G5, Gs), in the sub-clusters in
all-cis conformations. The phase-phase couplings between sub-clusters are also dissimilar:
see Figures S10b and S10c. Similar conclusions can be drawn for other conformational

clusters. Due to high transannular repulsion, the all-trans and CTTT configurations are

less favored, and require explicit stabilization through main chain-main chain hydrogen
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bonds. The formation of intramolecular hydrogen bonds further restricts their puckering
motions (see Figure S11), and results in y-turns, as illustrated by the Ramachandran plots
in Figure S12a. We also calculated the backbone (¢,1)) angles for all clusters. Figure S12b
shows that the general torsional preferences are similar to those observed in acyclic secondary

protein structures.
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Figure S10: Puckering preferences in all cis (CCCC) conformations of cyclic tetrapeptides.
(a) Puckering amplitudes, (g2, g3, 94, g5, ¢6), With two sub-clusters, CCCC-DDDD (blue)
and CCCC-UDDD (red). Phase angles in (b) CCCC-DDDD, and (¢)CCCC-UDDD con-
formations. The orientation of the amide bonds influence the puckering preferences, and
phase-phase couplings vary between sub-clusters.
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Figure S10: Puckering preferences in all cis (CCCC) conformations of cyclic tetrapeptides.
(a) Puckering amplitudes, (g2, g3, q4, g5, g6), With two sub-clusters, CCCC-DDDD (blue)

and CCCC-UDDD (red). Phase angles in (b) CCCC-DDDD, and (¢)CCCC-UDDD con-
formations. The orientation of the amide bonds influence the puckering preferences, and

phase-phase couplings vary between sub-clusters.
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Figure S11: Puckering preferences in all-trans (TTTT) conformations of cyclic tetrapep-
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conformations. The formation of main chain-main chain hydrogen bond(s) further restricts

puckering motion.
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Figure S12: Ramachandran plots showing the backbone (¢,1) torsion angles at the a-carbon
atoms in (a) i + 1-th amino acid in CTTT and all-trans, TTTT, and CTTT conformations
in CTPs. The carbonyl C=0 in the i-th amino acid and the N-H in the ¢ + 2-th amino acid
form an intramolecular hydrogen bond, and give rise to rigid (¢,1) torsional preferences
at the ¢ + 1-th amino acid. This results in 7-turns in these two conformational clusters.
(b) Backbone (¢,1) angles for all 14 amino acids (include Gly) in CTPs. The torsional
preferences are quite similar to those observed in the secondary structures of proteins.

Cyclic Pentapeptide (Head-to-Tail Cyclization)

We performed a similar analysis for cyclic pentapeptides. Figure S13a shows that the cis-
amide configuration is more favorable in cyclic pentapeptides. The changes in amide con-
figurations in cyclic pentapeptides lead to diverse geometries, as illustrated in Figure S13b.
The orientation of amide carbonyl groups also strongly influences the backbone conforma-
tion: see, for example, Figure S13c. Similarly, the multi-modality in sub-clusters reflects the
effect of long-range molecular interactions. The puckering amplitudes and phase angles vary
between all sub-clusters, as shown in Figure S14. Like cyclic tetrapeptides, the formation of
main chain-main chain intramolecular hydrogen bonds in CTTTT and CCTTT cyclic pen-
tapeptide conformations leads to the formation of both §- and y-turns. The corresponding

puckering amplitudes and phase angles are highly restricted.

We calculated the (¢,) angles of all amino acids in cyclic pentapeptides. Figure S13d shows

the (¢,1)) angles preferences are similar to that in standard protein secondary structures.
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Figure S13: (a) Barplot showing the counts of different types of conformational sequences
of amide bonds in the lowest energy conformation of cyclic pentapeptides. All-cis amides
(CCCCC) is the most frequently observed form, followed by CCCCT and CCTCT. (b)
Density plots showing the eccentricity of the cyclic backbone under different configurations
of the amide bonds. Different configurations of amide bonds lead to diverse geometries in
the backbone conformations. (c) Eccentricity values of sub-clusters in all-cis conformation.
The orientation of amide bonds influence the backbone geometries. (d) Ramachandran plot
for (¢,1) angles in all amino acids (include Gly) in cyclic pentapeptides. The (¢,7)) angles
preferences are similar to that in normal protein secondary structures.
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Figure S14: (a) Puckering preferences in all-cis conformations of cyclic pentapeptides. (a)
Puckering amplitudes, (g2, g3, ¢4, g5, g6, g7 ), With three sub-clusters, DDDDD (blue), UDDDD
(red), and UDUDD (green) conformaitons. Phase angles in (b) DDDDD; (¢) UDDDD; and

(d) UDUDD. The orientations of amide carbonyl groups influence the puckering amplitudes
and phase angles preferences.
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Figure S14: (a) Puckering preferences in all-cis conformations of cyclic pentapeptides. (a)
Puckering amplitudes, (g2, g3, 44, G5, 6, g7 ), With three sub-clusters, DDDDD (blue), UDDDD
(red), and UDUDD (green) conformaitons. Phase angles in (b) DDDDD; (¢) UDDDD; and
(d) UDUDD. The orientations of amide carbonyl groups influence the puckering amplitudes
and phase angles preferences.
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Figure S14: (a) Puckering preferences in all-cis conformations of cyclic pentapeptides. (a)
Puckering amplitudes, (g2, g3, ¢4, g5, g6, g7 ), With three sub-clusters, DDDDD (blue), UDDDD
(red), and UDUDD (green) conformaitons. Phase angles in (b) DDDDD; (¢) UDDDD; and
(d) UDUDD. The orientations of amide carbonyl groups influence the puckering amplitudes
and phase angles preferences.
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Figure S14: (a) Puckering preferences in all-cis conformations of cyclic pentapeptides. (a)
Puckering amplitudes, (g2, g3, ¢4, g5, g6, g7 ), With three sub-clusters, DDDDD (blue), UDDDD

(red), and UDUDD (green) conformaitons. Phase angles in (b) DDDDD; (¢) UDDDD; and
(d) UDUDD. The orientations of amide carbonyl groups influence the puckering amplitudes

and phase angles preferences.

42



Substituent Position

The size and functionality of substituents are two of the key factors influencing puckering
preferences, and their effects vary with ring size. We separated the lowest-energy conforma-
tions according to the ring sizes: small rings (5- and 6-membered rings), medium-sized rings
(7- to 11-membered rings), and macrocycles (12-membered or larger rings). In particular,
we assessed the following substituent types: hydroxyl group, alkoxy group, methyl group,
carbonyl group, halogens, and bulky substituents. The bulky substituents is defined by the
following SMARTS pattern, [CX4;R|!@Q;-[CX4H0, CX4H1,CX4H2], where the substituent
carbon contains at most 2 hydrogen atoms attached and it is attached to a carbon ring

atom with a single non-ring bond.

Figure S15 shows the orientation angle preferences of different substituent types. In small
and medium-size rings, the [ orientation angle preferences are similar for all substituents
types, and they tend to be outwardly directed. However, the a orientation angle changes
with ring size. For example, the carbonyl group tends to be equatorial to the mean plane in

small rings, and varies in medium-sized rings and macrocycles.

In addition to substituent size, the bond order also influence the substituents orientation.
Both endocyclic and exocyclic double bonds restrict the substituent motion, and the sub-
stituents tend to be equatorial to the mean plane when it is double bonded or attached to

a ring atom linked to a neighbouring ring atom with a shared endocyclic double bond.

In macrocycles, the substituents orientations are widely varying, and small substituents in-
cluding carbonyl and hydroxyl groups can be inwardly-directed, which are sterically unfavor-
able in small and medium-sized rings. To gain further insights into substituents orientation
preference in macrocycles, we studied the side chain C's atoms and amide carbonyl positions

in cyclic peptides.

43



! ] observations i ' observations
? l'l —= Small H ,l| —= Small
Ill Ay n == Medium "I n == Medium

- 1 ,,U —= Large '||| 1 — = Large

I
In R
15} s\ I 1"noy Lt L
‘II_\_ T S,...~.~:~2'\l¥‘:’ LL}MM Cdenanaex -‘!

a

n Iy !'I observations observations
1 n ) — -

" ”'1' ‘ A ll i Sma.ll Sma.II

(Y \ AM "\'l 1 == Medium == Medium

:,"\4{‘! Ry /,", "y :'ﬁf'\ : —— Large —— Large

LS T W

0 —m/4 n2 3m/4 n

a
(e)
1
Ao A
\ \
vy N 1 !
:‘ 1 ,’ \/‘ 1 || ,"A“‘ observations observations
W\ g —= Small —-— Small
/ L
\ =7
1 mys KRR
: i o 1
R . . ]
s m2qi, ]
e Lo A
B B r |
1 01 & ‘;M.mﬂhg".% _Z>
o . Joer TN | -
¢ 1l - l
¢ . - 1
i il /2 i
o . 1 . -.."" 1
s < s PR
0 -n/4 n/2 3n/4 n 0 -n/4 n/2 3n/4 n
a a

Figure S15: Substituent orientation angle preferences. The marginal distribution of orienta-
tion angles of substituents in small, medium-sized, and macrocycles are colored in black, red,
and green respectively. (a) carbonyl, (b) methyl (CH,), (c) alkoxy (d) hydroxyl (e)halogens
(fluorine), (f) halogens (chlorine), (g) halogen (bromine), (h) bulky substituents. For halo-
gens, due to small number of observations in medium and large rings, the marginal distribu-
tion and the observations are not shown in the figure. All substituents tend to be directed
outwardly, as indicated by the 8 angles. The « orientation angles vary between substituents
and ring size.
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Figure S15: Substituent orientation angle preferences. The marginal distribution of orienta-
tion angles of substituents in small, medium-sized, and macrocycles are colored in black, red,
and green respectively. (a) carbonyl, (b) methyl (CH,), (c) alkoxy (d) hydroxyl (e)halogens
(fluorine), (f) halogens (chlorine), (g) halogen (bromine), (h) bulky substituents. For halo-
gens, due to small number of observations in medium and large rings, the marginal distribu-
tion and the observations are not shown in the figure. All substituents tend to be directed
outwardly, as indicated by the 3 angles. The « orientation angles vary between substituents
and ring size.

(3 and Amide Carbonyl Orientation Preference in Cyclic Peptides

As shown in previous section, there are multiple conformational clusters in cyclic peptides,
and the puckering preferences vary from clusters to clusters. The long range intramolecular
interactions between main chain and side chains influence the puckering preference, and
lead to multiple sub-clusters. The substituents orientation angles will help understand the

formation of these long range intramolecular interactions.

Figure S16 shows the side chain Cz atoms and amide carbonyl orientation angles preferences
in CCCC-DDDD conformational clusters. Both C and amide carbonyl groups are generally
located accordingly to avoid steric clashes. The sub-clusters orientation angle preferences are
colored by blue and green, which explain movement of substituents to align intramolecular
interactions. Figure S17 shows the amide carbonyl groups positions are restricted in order

to align main chain intramolecular hydrogen bonds in all-trans configuration.
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Figure S16: Cp and amide carbonyl orientation preference in cyclic tetrapeptdies with
CCCC-DDDD conformations. (a)-(b) «, 8 angles of Cs. (c)-(d) «, B angles preferences
of amide carbonyl. Substituents orientation angles are correlated, and the angles prefer-
ences change (colored by blue and green) in order to align the long range intramolecular
interactions such as CH-7 interactions and hydrogen bonds.
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Figure S17: C3 and amide carbonyl orientation preference in cyclic tetrapeptdies with all-
trans (TTTT) conformations. (a)-(b) «, B angles preferences of Cs. (c)-(d) a, [ angles
preferences of amide carbonyl. Substituent orientations are restricted in order to align the
main chain intramolecular hydrogen bonds.

Side Chain Torsion Angles

In addition to Cjp orientation preferences, we also calculated the side chain torsion angles,
in particular y; angle. Figure S18 shows multimodal in y; angles for all amino acid side

chains, and the torsional preferences are similar to that of protein secondary structures.5!?
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Figure S18: Histogram of y; angles for 12 amino acids. (a) Valine; (b) Leucine; (¢) Pheny-
lalanine; (d) Tyrosine; (e) Tryptophan; (f) Cysteine; (g) Serine; (h) Threonine ; (i) Histidine;
(j) Lysine; (k) Aspartic acid; (1) Glutamic Acid. The y; angles of all amino acid side chains
in CTPs exhibit multimodal, which are similar to the one observed in normal protein side
chains.
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Figure S18: Histogram of y; angles for 12 amino acids. (a) Valine; (b) Leucine; (¢) Pheny-
lalanine; (d) Tyrosine; (e) Tryptophan; (f) Cysteine; (g) Serine; (h) Threonine ; (i) Histidine;
(j) Lysine; (k) Aspartic acid; (1) Glutamic Acid. The y; angles of all amino acid side chains
in CTPs exhibit multimodal, which are similar to the one observed in normal protein side
chains.
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Connection between Ring Puckering, Substituent Orientation and

Torsion Angles

The change in ring substituent positions and ring torsions upon ring puckering are not com-
pletely understood. We therefore fitted multiple models to learn the coupling between ring
puckering and ring substituent positions, and the torsional changes upon pseudo-rotation.

The resulted parameters are listed in Appendix 2, and we provide a summary below.

Ring Puckering and Substituent Orientation

As discussed earlier, the ring conformations are clustered based on its canonical conforma-
tions. Ome could expect the coupling between ring puckering and substituent orientations
vary from clusters to clusters. For each cluster, we fitted position-specific models to predict

its change in substituent orientation upon pseudo-rotation.

Tables S5 and S6 shows the o and (3 orientation angles of carbonyl groups in 5-, 6-membered
rings and cyclic tetrapeptides in different conformational clusters, at given positions. The
predicted « orientation angles is in excellent agreement with the observed angles, with low
mean angular error (MAE< 0.04) and high squared circular correlation coefficient, R2, . >
0.9. Our models also give low mean angular error (MAE< 0.06) in # angle predictions. The

low squared circular correlation coefficients are ascribed to the narrow range of 3 angles in

small rings. These models can be applied to large rings with different substituents.

Substituent Exocyclic Torsion Angle

Alternatively, the substituent orientation can be represented by exocyclic torsion angles and
exocyclic bond angles. Here we focused on the prediction of exocyclic torsion angles. Since
the exocyclic and endocyclic torsion angles are the rotations about same pair of ring atoms
(7, 7+ 1), Equation (S28) can be directly applied, i.e. setting @Q; = 1 in Equation (S20), to

describe the rotational relationship between substituent position and ring torsions.

efcpo —_ P’L + efndo (828)
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where P;, 0% and 0% are defined as above.

The parameter P; depends on the nature of the substituents, and the relative stereochem-
istry of the stereo-center, and thus require multiple sub-models to describe substituent ex-
ocyclic torsion angles. Table S8 shows the prediction of exocyclic torsion angles of different
substituents, including alkoxy, hydroxyl, methyl group, halogens, bulky substituents, and
carbonyl groups. All sub-models are in excellent agreements with the observed exocyclic
torsion angles, with small mean angular error (< 0.06 rad, or equivalently 3.4°) and high

squared circular correlations coefficient, R% > 0.97.

circ

As mentioned earlier, torsion angle is an alternative representation commonly used in the
community to study ring geometries. de Leeuw et al. discuss the connection between ring
puckering coordinates and torsion angles in small rings, which thus help understand the
internal torsional changes upon pseudo-rotations. Here, we proposed general models convert
from puckering parameters to endocyclic torsion angles for N-membered rings. Table S7
shows the predictions of endocyclic torsion angles from puckering parameters. The predicted
values are in good agreement with the observed torsion angles for both small and large rings,

with high square circular correlation coefficient and low mean angular error.

Ring Reconstruction

To assess our proposed method in sampling ring conformers, twenty molecules were selected,
as listed in Table S10. The GFN2-computed lowest energy conformation was used as ref-
erence conformation. The best RMSD and TFD values of each molecule are reported in
Table S11. Note that the conformation with lowest RMSD may not give the lowest TFD
values. The TFD values here are computed based on the conformations with the lowest
RMSD values. The average RMSD values and the corresponding TFD values are 0.092 A
and 0.048 respectivly. Small TFD values demonstrate the effectiveness of the algorithm.
The high RMSD values are ascribed to the deviation in bond length and bond angles, which

can be reduced by local geometry optimisation.
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Table S11: RMSD and TFD values between sampled conformations and reference confor-
mations. The TFD values are calculated using conformation with the lowest RMSD value.

Molecule RMSD TFD
cyclopentane 0.020  0.058
cyclopentanol 0.075  0.167
cyclopentene 0.053  0.039

2-methylcyclopent-2-en-1-ol ~ 0.069  0.013
cyclopent-2-ene-1,5-dione 0.072 0.031

cyclohexane 0.057  0.063
methylcyclohexane 0.111  0.029
4,4-dimethylcyclohexanone 0.164  0.049
cyclohexene 0.073  0.012
1-methyl-1-cyclohexene 0.066  0.067
cyclohexa-1,3-diene 0.079  0.048
cyclohexa-1,4-diene 0.088  0.015
2,5-cyclohexadienone 0.085  0.013
cycloheptane 0.115  0.055
cycloheptanone 0.130  0.007
cycloheptene 0.053  0.003
cyclohept-2-en-1-one 0.166  0.099
cyclohepta-1,3-diene 0.090  0.090
cyclohepta-1,4-diene 0.104  0.044

6-methylcyclohepta-1,4-diene 0.168  0.050

Puckering preference in solid state and gas phase

To gain insights into the puckering preference in solid state, we compared our results with
previous empirical studies on crystal structures from Cambridge Structural Database, 514516
and the 63814 experimentally determined X-ray crystal structures from COD. These empir-
ical studies focused on medium sized rings, in particular seven- and eight-membered rings,
and showed similar puckering preferences and pseudo-rotations of the dominant canonical
conformations. However the actual distributions slightly differ from our work, due to the
small number of crystal structures used in their studies. Figure S19 shows the puckering pref-
erence from GFN2-computed low energy conformations (blue) and COD crystal structures
(red), in 6-membered rings with one double bond and 7-membered rings with no endocyclic
double bond. The marginal and joint puckering preference are similar in both states. Similar

observations were made for 5- to 8-membered rings. More data is required to make a fair

comparison for larger rings.

Similarly, the substituent orientation angle preferences from GFN2-computed low energy
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conformation and the crystal structures from COD are alike in both states, for all substituent

types studied above. The proposed models can be directly applied to solid states.

(a) (b)
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Figure S19: Puckering preferences of 63814 crystal structures from COD (red) and all GFN2-
computed low energy conformations (blue). Puckering amplitudes (¢2,93) in 6-membered ring
with one double bond in (a) solid state; (b) gas phase. Coupled puckering amplitude (g3)
and phase angle (¢2) in 6-membered ring with one double bond in (c) solid state; (d) gas
phase. Puckering amplitudes (gs,q3) in 7-membered ring with no double bond in (e) solid
state; (f) gas phase. Coupled phase angles (¢, ¢3) in chair and twist-chair region (g) solid
state; (h) gas phase. The preferences are similar in both states.
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Figure S19: Continued
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