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@ Evaluating the Viability of Successive Ring-Expansions Based on

Amino Acid and Hydroxyacid Side-Chain Insertion

Aggie Lawer,® Ryan G. Epton,”
Emilie Marotte,™
William P. Unsworth*®

Thomas C. Stephens,” Kleopas Y. Palate,” Mahendar Lodi,”
Katie J. Lamb,” Jade K. Sangha,” Jason M. Lynam,*™ and

(Abstract: The outcome of ring-expansion reactions based
on amino/hydroxyacid side-chain insertion is strongly de-
pendent on ring size. This manuscript, which builds upon
our previous work on Successive Ring Expansion (SuRE)
methods, details efforts to better define the scope and limi-
tations of these reactions on lactam and {-ketoester ring
systems with respect to ring size and additional functionality.
The synthetic results provide clear guidelines as to which
substrate classes are more likely to be successful and are

-

supported by computational results, using a density funcN
tional theory (DFT) approach. Calculating the relative Gibbs
free energies of the three isomeric species that are formed
reversibly during ring expansion enables the viability of new
synthetic reactions to be correctly predicted in most cases.
The new synthetic and computational results are expected
to support the design of new lactam- and p-ketoester-based
ring-expansion reactions.

/

Introduction

Rearrangements that allow ring-enlarged products to be pre-
pared from smaller cyclic systems have much utility in synthet-
ic chemistry."? Ring expansions are particularly useful for the
synthesis of medium-sized rings (8- to 11-membered) and mac-
rocycles (124 membered), as alternatives to direct end-to-end
cyclisations.” End-to-end cyclisations can be difficult and un-
predictable processes due to competing intermolecular cou-
pling and other side reactions, and they often necessitate the
use of impractical high-dilution (or pseudo-high-dilution) con-
ditions. In contrast, high dilution can often be avoided com-
pletely in well-designed ring-expansion systems.[" >

Side-chain insertion ring-expansion reactions (Scheme 1a)
are a useful sub-class of ring expansion, as the requisite pre-
cursors are generally straightforward to prepare. Various meth-
ods in which the ring expansion is accompanied by concomi-
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tant C—O, C—N and C—C bond formation are known, and this
topic has been recently reviewed."® Amongst this class of reac-
tion, our group has developed a series side-chain insertion ring
expansion processes that can be performed iteratively. These
methods, which we have termed “Successive Ring Expansion”

a) Side-chain insertion/ring expansion

H
® Y !
@ cyclisation/ e
XH |G YH ) fragmentation
coupling X
X
1 2 H 3
b) Successive Ring Expansion (SuRE) of cyclic p-ketoesters
2
SuRE 0. w1 R0
ou o X ‘Hl«
i JLRxpc )‘ X s, X
n"  (repeat x2) R1= ,,
. CO.R cI” 78, r1C I)_)Rz @n ;
R’ - MgCl,, pyridine wo — /%%
CH,Cl, RT, 2h n X
4 then cleave PG 5 COR RO,C I;p; 6
R'-R* = various; X = NH, NR, O
PG =Fmoc, Cbz, Bn; n'=0-8; n"=1,2
c) Successive Ring Expansion (SuRE) of lactams
o, ymR%
SuRE X
o o) ~’<
i LRxes X 62)
NH G RI- Il) (repea - \; 0 R3
R? L(./) : DMAP, pyridine Nk ak '%O
M CH,Cl, 50 °C, 20 h I
7 2Llg, ) H WH‘)'
then cleave PG 8 OR? " g

R1-R* = various; X = NH, NR, O
PG =Fmoc, Cbz, Bn; n'=2-9;n"=1,2

Scheme 1. Side-chain insertion ring-expansion reactions and Successive Ring
Expansion (SuRE).
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(SURE) reactions,”™ enable the controlled, iterative insertion of
amino acid or hydroxyacid-derived linear sequences into cyclic
B-ketoesters (4—6, Scheme 1b)*** or lactams (7—9, Sche-
me 1¢).5ed

In our experience, the most important factor in determining
the outcome of new ring-expansion reactions of the types
summarised in Scheme 1b and c is ring size. This is well dem-
onstrated by the outcomes of our published lactone-forming
ring expansions of imides of the form 10 (Scheme 2).°9 Thus,
for both a- and B-hydroxyacid derived linear fragments (3- and
4-atom ring expansions, respectively), there is a clear point at
which ring expansion “switches on”; the reactions work for
starting materials with rings that are eight-membered or more
for three-atom expansions (m=1) and rings that are six-mem-
bered or more for four-atom expansions (m=2). The analo-
gous reactions fail for smaller ring variants. We have previously
postulated that these reactions are under thermodynamic con-
trol, and hence that the reaction outcomes depend on the rel-
ative Gibbs free energies of the three isomeric forms that the
substrate must pass through for ring expansion to occur. This
idea is supported by calculations performed at the DFT/B3LYP/
6-31G* level of theory;"*¢® thus, five-membered ring-open
form imide 125 (RO=ring-opened) was calculated to be sig-
nificantly lower in Gibbs free energy than its isomeric ring-
closed (12z, RC=ring-closed) and ring-expanded forms (12g,
RE =ring-expanded), and this was replicated in the synthetic
results, with imide 125, being isolated in 99% yield following
hydrogenolysis of the parent benzyl protected imide (10,
where n=2, m=1). Conversely, in the case of the analogous
eight-membered starting material (10, where n=5, m=1), the
ring-expanded form 13y was calculated to be the most stable
isomer, and upon testing the reaction, 13z was isolated in
89% vyield, meaning that the calculations again were in line
with the synthetic results.

These calculations, which drew inspiration from a similar ap-
proach used by Yudin and co-workers,*¥ were done primarily

Form=1
X o) 0 10 = <7-membered ring %
o O Hydrogenolysis ), = >8-membered ring 4
Ogn————>
KA e = | )G
) CHCI3 18, RT 7 H 10 = <5-membered ring ¥
10 1 = >6-membered ring s/

Ring-open form Ring-closed form Ring expanded-form

0
o o HO o 0
)k/OH _— Nl Sl L
N C i
0 NA O
12go, AG°rel = 0.0 12pc, AGrel = 13.4 12, AG®,o, = 103
(99% isolated)

(@)

o/\(o

o O
o )

13go, AG®q = 6.3

|
(2

13ge, AG®, = 0.0

13gc, AG®,y = 8.9
RC T2 el (89% isolated)

Scheme 2. Ring-size dependency on the outcome of the ring expansion of
imides into aza-lactones. AG:, values are given in kcalmol ™.
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to validate our ideas about the reactions being under thermo-
dynamic control. In this work, we have explored the validity of
using calculations of this type predictively. As we continue to
develop this research programme, having a reliable predictive
tool to inform the likelihood of new SuRE variants working
before committing to labour-intensive synthetic efforts will be
of value. The utility of this approach is demonstrated herein; in
total, 52 new ring-expansion reactions have been attempted,
with 48 successfully furnishing the desired ring-expanded
product. Our DFT/B3LYP/6-31G* method correctly predicted
the reaction outcome in almost all cases, and compared fa-
vourably when benchmarked against other alternative meth-
ods, including those that model solvation and dispersion inter-
actions. Thus, we believe that this widely available DFT/B3LYP/
6-31G* approach will be useful to help assess the viability of
new ring-expansion reactions before committing to synthetic
efforts.

Results and Discussion

We started by examining the ring expansion of simple lactams
with sarcosine derivative 15. We had already shown that this
acid chloride is compatible with our standard lactam ring ex-
pansion method (14—16, Scheme 3a), but prior to this work,
13-membered lactam 14 was the smallest aliphatic lactam on

a) Previous work (see ref. [5c])
o) (e} Fmoc 0

|
N
i s O N
NH ) Cl Me 15 \)J\NH

pyridine, DMAP
CH,Cl, 50 °C, 18 h

iy DBU, CH,Cl, RT, 18 h

(o]
Me
HO N . -
n g Ne d=0
N N
(0] H

b) DFT calculations (AG® ¢, in kcal/mol)
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17re, AG®q = 16.5
18c, AG°y = 3.9
19rc, AG°, = 6.4
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18gg, AG® g = 2.1
19gg, AG = 0.7
20gg, AG®; = 0.0

0
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~° (WL
/>: o) e NH
17Re, 0 % 18Re, o% 19gg, 0% 20Re, 82%
o) 0 o
0 NMe NMe -
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21Re, 94% 22ge, 86% 23gg, 66% 24pe, 78%

Scheme 3. Ring-size dependency on the outcome of the ring expansion of
imides with N-methyl sarcosine derivatives. AG;, values are given in kcal
mol~! with thermal corrections at 298 K.
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which we have reported a successful ring expansion with any
linear a-amino acid chloride.

Prior to doing the synthetic chemistry, we ran DFT calcula-
tions based on the method used in our earlier study. To sum-
marise this method, each of the three components of the equi-
libria deriving from five- to eight-membered ring imide precur-
sors 17x0-20z0 Were optimised at the DFT/B3LYP/6-31G* level
of theory in vacuum.®® Conformational searches of the opti-
mised structures were performed at the Molecular Mechanics
Force Field level. All the generated structures were retained,
and their energies were calculated using DFT/B3LYP/6-31G*.
The lowest energy geometry in each case was selected, fully
optimised and determined to be minima by the absence of
negative vibrational modes, in vacuum using DFT/B3LYP/6-
31G*. In each case, the relative free energies of the imide
(17r0—20g0), ring-closed (17xc—205c), and ring-expanded (17—
20ge) isomers were calculated, with AG,, values quoted in kcal
mol™" (Scheme 3b). More information about the choice of this
method and method effects are included later in the manu-
script;” until then, the discussion will focus on the synthetic
aspects and DFT/B3LYP/6-31G* calculations.

In the five- to seven-membered series, the imide isomers
17r0-19r0 Were calculated to be the most stable, thus suggest-
ing that ring expansion is unlikely to proceed in these exam-
ples. This prediction was verified by synthetic results; thus,
none of the ring-expanded products 17z,-19, Were obtained
when attempts were made to prepare them using the stan-
dard conditions, with no tractable products isolated from
these reactions (17go—-19go, Scheme 3¢). Conversely, the ring-
expanded isomer 20, was calculated to be the lowest in free
energy in the eight-membered ring series, and this again was
borne out in the synthetic results, with 20g isolated in 82%

0} Fmoc Y
o 26 ; R O
1
NH) i) C|)l\/N‘R (0) N\)LNH
n pyridine, DMAP, )
CH,Cl, 50°C, 18 h n
25a—¢ ii) DBU, CH,Cl, RT, 18 h 273-x

o] o H
o] N o
Nd\f 07 NH
NH
HN” S0

27j, 86% 271, 87%

\

27r, 66% 27s, 87% 27t, 98%

) )

27a:n=1,85%
27b: n =6, 84%

AR

P4
I

27Tm:n=1,89%
27n:n=6,93%

27u, 55%

yield. Thus, the use of an eight-membered ring starting materi-
al (or larger) appears to be the ‘switch on’ point for this series,
as it was for the analogous lactone systems in Scheme 2. This
is supported by the high yielding (66-94 %) ring expansions of
9-12-membered lactam systems to form products 21pe—24g
under the standard conditions.

Medicinal interest in medium-sized rings and macrocycles
has increased significantly in the last decade,”” and the reac-
tion variant described in Scheme 3 appears to be well suited
for use in the preparation of peptoid-containing macrocy-
cles," as long as the starting lactam is an eight-membered
ring or larger. Thus, to better demonstrate its potential utility,
we went on to investigate the range of N-substituents that
can be tolerated on the linear unit 26, with these results sum-
marised in Scheme 4. In total, 24 new ring-expansion reactions
of this type have been performed, to make 27a-y (27k was
described previously)®? using various functionalised amino
acid-derived linear fragments (26). Most of the reactions pro-
ceeded in high yield (the yield quoted is for the full N-acyla-
tion/protecting group cleavage/rearrangement sequence)
under the standard reaction conditions, significantly expanding
the range and diversity of amino acid derivatives that have
been demonstrated in the SURE method to date.

All the new SuRE reactions presented in Scheme 4 worked
(at least to some degree), although there were a few outliers
that were lower yielding (e.g., furan-derivative 27v). In these
cases, we believe that the lower yield is not caused by an in-
herent difference in the thermodynamics of the ring expansion
equilibrium (i.e., the relative free energies of the analogous iso-
mers 27 Vgo, 27 Vg and 27 vy are in line with those for the
methyl analogue 20, see S| for full details)™ but can be ex-
plained by substrate-dependent side reactions or problems

Sk
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27d:n =3, 89%
27e:n =6, 93%
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)
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MeO (€]
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I

0 0
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27w: X =8, 70%

27x, 711% 27y, 40%

Scheme 4. Scope of lactam ring-expansion reactions with N-functionalised amino acids.
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with the preceding N-acylation step. For example, in the case
of furan derivative 27v, the lower yield is largely due to incom-
plete N-acylation (step i), which in turn is likely to be a conse-
quence of the relative instability of the acid-sensitive furan
motif. Unexpected side reactions/degradation also cannot be
ruled out during the ring-expansion reaction (step i in cases
where more reactive functional groups are involved.

Next, we examined the ring expansions of cyclic 3-ketoest-
ers. These reactions were the subject of our first two publica-
tions in this area,**” which focused mainly on the insertion of
B-amino acid derived linear fragments; for example, five- to
eight- and 12-membered cyclic B-ketoesters (28) were all
found to undergo smooth ring expansion (to form products of
the type 30) upon reaction under the reported conditions with
B-alanine derived acid chloride 29 (Scheme 5a).*® DFT/B3LYP/
6-31G* calculations were performed to measure the energies
of the equilibrating isomers of the five-, six-, and 12-membered
ring systems 31-33 as before. Pleasingly, the calculations sug-
gest that the ring-expanded isomers are lowest in energy by a
clear margin, suggesting that there is a strong thermodynamic
driving force for ring expansion in this series (Scheme 5b). To
complete the synthetic series, we went on to perform the ring
expansion of nine- to 11-membered (-ketoesters for the first
time, with these new synthetic reactions proceeding well, af-
fording lactams 34-36 (52-74 %, Scheme 5c).

The hydroxyacid-based analogue of this cyclic p-ketoester
ring expansion was less well developed, with the expansion of
seven-membered 37 the only example of this type featured in
our previous publications to have been performed on a simple
cyclic B-ketoester (Scheme 6a). Given the importance of mac-
rocyclic lactones in medicinal chemistry,"? we decided to test
whether the scope of this variant could be expanded. As was

a) Previous work (see ref. [5a])

o) o)
o .
COEt 1) CI)K/\NHFmoc 22 N
n(b/ MgCl,, pyridine, CH,Cly, RT 0]
CO,Et

ii) piperidine, CH,Cl,, RT
28:n=1-4,8 30: n=1-4, 8; 67-82%

b) DFT calculations (AG®, in kcal/imol) o

HN
_— HO —_
COzEt o
COLEt CO,Et

n=1 31go, AG’ =10.0
n=2 32go, AG°=8.1 32pc, AG°y= 9.7 32ge, AG° = 0.0
n=8 33go, AG° =366 33gc, AG®,y = 45.4 33ge, AG® = 0.0

Syntheﬂc results (using the conditions in section a)

CO,Et CO,Et

34, 74% 35, 52% 36, 65%

LZ

31Re, AG® = 12.6 31Re, AG%¢ = 0.0

Scheme 5. Ring-size dependency of the outcome of the ring expansion of [3-
ketoesters with -alanine-derived acid chloride 29. AG;, values are given in
kcalmol™'.

rel

Chem. Eur. J. 2020, 26, 1-11 www.chemeurj.org

a) Previous work (see ref. [5a])

o) 0 0._0 o}

COEt ) CI)K/\OBn 38

MgCl,, pyridine, CH,Cly, RT COzEt
37 ii) Hy, Pd(OH),/C, MeOH, RT 39, 59%
b) DFT calculations (AG®, in keal/mol) o
o 0
o
( OH A HO "({L/;L
n
CoLEt COZEt o)
CO,Et

n=1 40go, AG°¢=9.3 40gg, AG®( = 0.0
n=2 #go, AG° =108 41ge, AG®,y =103 41Re, AG% = 0.0
n=8 420, AG%y =35.2 42g¢, AG® =39.8 42gg, AG°¢ = 0.0

c) Synthesis results[a]

40gc, AG®q =118

o
ik/;l jv\_\/;/[COZEt 8\;\\5/[
COzEt COLE CO,E
40gg, 59% #ge, 56% 39, 53% 43, 60%

Scheme 6. Ring-size dependency of the outcome of the ring expansion of f3-
ketoesters with 3-hydroxy acid chloride 38. AG, values are given in kcal
mol~". i) B-ketoester, 38, MgCl,, pyridine, CH,Cl,, RT; ii) Pd/C H,, EtOAc, 3 h,
RT; NEt;, CHCl;, RT, 18 h.

done for the analogous amino acid system, DFT/B3LYP/6-31G*
calculations were performed to measure the energies of the
equilibrating isomers of the five-, six-, and 12-membered ring
systems 40-42 (Scheme 6b), which again suggested that there
is a clear thermodynamic driving force for ring expansion.
Pleasingly, the corresponding synthetic experiments all worked
well, with five- to eight-membered p-ketoesters undergoing C-
acylation, hydrogenolysis and ring expansion to give ring-ex-
panded lactones 39, 40y, 41, and 43 all in comparable yields
(Scheme 6¢). In a small change to the published conditions
shown in Scheme 6a, we found that performing the hydroge-
nolysis in ethyl acetate (rather than methanol) and then stir-
ring with triethylamine in chloroform led to superior reaction
yields. The main reason the isolated yields are in the 50-60%
range (and not higher) is due to loss of material during the C-
acylation step (especially the work-up, during which the mag-
nesium salts can cause problems with phase separation) and
these results are in line with typical yields in our previous pa-
pers. 5]

We then went on to test other lactam-based ring expansion
systems with additional functionality present in the starting
lactams. Hydroxyacid and amino acid derivatives 38 and 46
were used to exemplify the synthetic reactions, and in the cal-
culations for 46, a simplified N-methyl (rather than N-benzyl)
derivative was used (i.e., from 47) as this significantly reduced
the computational time but was found to have very little
impact on the calculations."” Thus, we started by examining
lactams containing a-heteroatoms (52, 55, 58 and 60) with
amino acid and hydroxyacid derivatives 38 and 46. The analo-
gous heteroatom-free variants of these reactions had been
tested in our earlier work (Scheme 7a) and were shown to be
high yielding. Therefore, based purely on our chemical intu-

© 2020 The Authors. Published by Wiley-VCH GmbH
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a) Previous work (see refs. [5¢] and [5d]) 44: n=1 .Fmoc 46,
CI)J\/\OBn 38 45 n=2 Cl)J\/\g 47,R=Me
o i) pyridine, DMAP o] L o]
Conditions B o CH,Cl,, 50°C, 18 h - i hipiype B Conditions A
S0seea= 1, B /l ii) H, Pd/C, EtOAC . /\/\L A8pe: =1, 78%
- n= 2, : ii) DBU, CH,Cl, RT, 18 h e 0
51ge: N =2, 94% f H o) them CHCly NEt, 4 ) 2Cl, A H O 49 N=2,79%

b) New synthetic results and DFT calculations
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s\) 46

63Rro < 63Rre < 63rc
0<2.5<15.9 kcal/mol
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but similar to 63ge
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64go < 64gE < 64gc
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e ring opened (imide)
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69Rre < 69ro < 69rc
0 < 3.9 < 11.2 kcal/mol
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= modest yield of 69ge

69gg, 30%

o
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Scheme 7. Lactam ring-expansion reactions and DFT calculations. AG

ition at this stage, we did not expect to see much variation
upon switching to these new systems. However, starting from
six-membered lactam 52, a much lower isolated yield (41%) of
the ring-expanded product 53z was obtained in the amino
acid series, while the ring-expanded lactone 54g¢ was isolated
as an inseparable mixture with its ring-opened imide form
54.,. The calculations give clues as to why these reactions did
not proceed well; for example, the ring-opened and ring-ex-
panded isomers 53;, and 53g were calculated to have very
similar Gibbs free energies, thus suggesting that both may be
formed in this reaction, although only the relatively non-polar
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Bn
O_N 0 56Rre< 56Rro < 56Rrc
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56ge, 70% = high yield of 56gg

57Re < 57Ro < 57rc
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RE RO RC
NH \/Y 0 <10.9 < 20.3 kecal/mol
—A> NH e ring expanded isomer
5/ 46 s / lowest in energy
60 61gg, 73% = high yield of 61ge
O
66RE < 66Rp < 66Rc
A N 0 < 5.9 <24.2 kcal/mol
46 » Bn  ring expanded isoner
0 HN 0 lowest in energy
NH || 66Re, 77% = high yield of 66gg
ek 0 67Re < 67Ro < 67Rrc
B o 0 < 3.9<17.7 kcal/mol
— /l  ring expanded isomer
38 HN (0] lowest in energy
= high yield of 67ge
67Re; 71%
9. 71ge < T1ro < T1re
_A N 0 < 3.5 < 19.6 kcal/mol
o 46 /\/\I\ « ring expanded isomer
N 0 lowest in energy
NH X 71"' 84% = high yield of 71gg
| RE:
o T2Re < T2Ro < T2grc
70 & o 0 < 4.8 <14.5 kcal/mol
B /I  ring expanded isomer
— N"0 lowest in energy
38 75’ 45% = modest yield of 72ge
RE) o

values are given in kcalmol ™.

product 53z was isolated after chromatography, in modest
yield. Compounds 54, and 544 were also calculated to be
similar in free energy and in this case a mixture of products
was isolated. Conversely, upon moving to seven-membered
starting material 55, a clear preference for the ring-expanded
isomer was predicted by the calculations, which manifested in
much improved synthetic yields for the desired ring-expanded
isomers (70 and 75 % for 565 and 57 respectively).

In contrast to oxygen-containing 52 and 55, sulfur-contain-
ing lactams 58 and 60 both performed well in the synthetic
ring-expansion reactions with 46;'¥ ring-expanded products

© 2020 The Authors. Published by Wiley-VCH GmbH
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59 and 61, were each formed in good yield. This was again
mirrored in the calculations, with 59 and 61 calculated to
be the lowest energy isomers in each case by clear margins.
The difference in reactivity between 52 and 58, which is pre-
sumably a result of some relatively subtle stereoelectronic ef-
fects and/or differences in bond lengths, is not something that
we would have predicted without the calculations.

We also examined benzannulated, fluorinated and branched
lactam starting materials 62, 65, 68 and 70, and as before, the
predictive ability of the calculations was retained. Indeed, the
ability to predict when reactions will fail completely is also im-
portant; for example, the ring-opened imide isomer 64, was
calculated to be the most stable isomer in this series, and this
was corroborated by the synthetic results.

In general, we have found that for systems in which the
ring-expanded isomer is calculated to be the lowest in energy
by more than 3 kcalmol™, then the reactions tend to work reli-
ably. In cases where the free energy difference is less than
3 kcalmol™, the reaction outcomes are less predictable, often
giving low yields of ring-expanded products and/or mixtures.
The reactions to form ring-expanded products 69y and 72,
which were isolated in modest 30 and 45 % vyields, respectively,
are outliers in terms of yield, but the lower yields in these
cases simply reflect the fact that the N-acylation step did not
proceed to completion in either case. Indeed, an important
caveat to keep in mind when using this DFT/B3LYP/6-31G*
method is that it only gives an indication of the chances of
achieving a favourable equilibrium. It does not account for the
efficiency of the synthetic steps that take place before the
equilibrium, the possibility of off-equilibrium side reactions or
other kinetic effects.

As all the ring-expanded products described in this manu-
script were made using SURE methods, they are all, in theory,
potential starting materials for further ring-expansion reactions.
Representative examples of products (73-77) that have been
expanded for a second time in our earlier work are shown in
Figure 1, with the second linear fragment inserted highlighted
in red. After undergoing one ring expansion, the rings should
all be large enough that they are beyond the “switch on”
point for any of the ring-expansion reaction types that we

0 0
0
OH /\)J\
N N 0
\)kNH H
0
EtO,C o
CO,Et
73, 59%(%al 74, 55%52]
0
Oy 0
/
N BnN N
o) O:Q_\ <§=o
HN NH
o} s—/_
77, 74%/54 78, 61%

Figure 1. Successive ring expansion products.
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have studied and calculated (not withstanding any effects re-
sulting from the additionally added functional groups) and
should therefore be thermodynamically favourable. This is cor-
roborated by our work to date in which several successful suc-
cessive ring-expansion reactions are reported. This does not
mean that performing additional iterations is always routine
(e.g., in some cases, the acylation reactions can be more diffi-
cult on these more functionalised systems, sometimes requir-
ing additional equivalents of acid chloride),”>? but once acyla-
tion has been achieved, ring expansion is typically straightfor-
ward. Three new examples of doubly ring-expanded products
(78-80, see the Supporting Information for reaction condi-
tions), based on new substrates made for the first time in this
manuscript, have been performed and are reported here for
completeness.

Computational chemistry: Method evaluation

The DFT/B3LYP/6-31G* methodology used has demonstrated,
in both this and previous work,"¥ good success in predicting
the outcome of SuRE reactions. Calculations at the B3LYP/6-
31G* level are relatively computationally efficient, but do not
take into consideration effects such as solvation and disper-
sion. These additions are typically used to improve the accura-
cy of such calculations, therefore, we decided to benchmark
their effects, along with a range of functionals, in order to de-
termine any potential method-effects in the calculations.

For this study general gradient approximation, GGA (BP86),
hybrid (B3LYP and PBEO) and meta-hybrid (M06 and MO06-2X)
functionals were used. Solvation effects were applied using a
PCM model with either dichloromethane or chloroform as rele-
vant to simulate the reaction conditions. The effects of disper-
sion are inherently taken into consideration by the M06 and
M06-2X functionals."”™ They were also applied using the
Grimme’s D3 method with Becke-Johnson damping"® to a
PBEO/def2-TZVPP single-point calculation, using the geometry
and thermodynamic corrections from a BP86/SV(P) calculation;
this method has been used successfully by our groups in previ-
ous projects,"” and also tests the effect of a large triple zeta
basis set."®

(o]

Bn J)LN/ 0 0
<

N o//\c/)(o

75, 85%!%] 76, 90%!°

(0] 8)
< <
0_/—NH O_/—NH

79, 47% 80, 70%
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Initially, a wide range of methods were benchmarked against
structures 17-20, by reoptimising the structures from the
B3LYP/6-31G* calculations and comparing the relative energies
with the experimental outcomes (Table 1). Structures with
which the ring-closed isomer has a larger energy than the
ring-opened or ring-expanded isomers (17, 19 and 20), pro-
duced the most comparable results, with there being little dif-
ference when using GGA or hybrid functionals with the 6-31G*
basis set.

Modelling the effects of solvation also had little effect on
the relative energy differences when using the hybrid B3LYP
functional. Comparable results are observed both with and
without solvent corrections. However, this does not extend to
the BP86/SV(P) calculations, with more significant relative
energy differences observed when compared to the standard
B3LYP/6-31G* calculations, which appears to come from great-
er stabilisation of the ring-closed and ring-expanded isomers
than the ring-opened when solvent is included.

The effects of dispersion had the greatest impact on the ex-
pected outcomes of the experiments, with the M06, M06-2X
and D3(BJ)-PBEO calculations showing lower relative energies
for the ring-closed and ring-expanded isomers, predicting that
ring expansion should be comparatively more thermodynami-
cally favourable in these examples, and in some cases contra-
dicting the experimental results. We believe that due to the
side chain present in the ring-opened structures being directed
away from the ring, there are fewer stabilising interactions
present than compared to the ring-closed or expanded iso-
mers. As a consequence of these different molecule geome-
tries, it appears that modelling the dispersion interactions may
result in the stability of the ring-expanded isomer being over-
predicted when compared to the ring-opened form. This alters
the expected reaction outcome where the B3LYP/6-31G* calcu-
lations predict these isomers to be similar in energy.

With dispersion effects having a large effect on the relative
energy differences and the predicted thermodynamic out-

Table 1. Relative difference of Gibbs energies at 298 K for structures 17-20 at different levels of theory. Solvent corrections were applied using a PCM
model. * Geometry from the BP86/SV(P) level.
O
p— o o Ho Ne "
18:n=2 n( )l\/NHMe — —— Me/>:O
19:n=3 N N N
20:n=4 0 H
17-20g0 17-20gc 17-20ge
Compound Functional Basis set Solvent correction Empirical dispersion correction RO [kcalmol™"] RC [kcalmol™'] RE [kcalmol™'] Yield RE [%]
B3LYP 6-31G* N N 0.0 16.5 1.9
B3LYP 6-31G* PCM N 0.0 149 0.2
BP86 6-31G* N N 0.0 149 1.6
PBEO 6-31G* N N 0.0 14.1 1.2
17(="D Mo06 6-31G* PCM N 0.0 10.8 —2.1 0
MO06-2X 6-31G* PCM N 0.0 8.7 —-1.6
BP86 SV(P) PCM N 0.0 1.5 -2.1
PBEO* def2-TZVPP PCM D3(BJ) 0.0 9.2 -33
B3LYP 6-31G* N N 0.0 39 2.1
B3LYP 6-31G* PCM N 0.0 22 -11
BP86 6-31G* N N 0.0 0.5 -11
PBEO 6-31G* N N 0.0 —0.6 -1.6
18(n=2) MO06 6-31G* PCM N 0.0 -3.0 —-3.8 0
MO06-2X 6-31G* PCM N 0.0 —4.5 —4.1
BP86 SV(P) PCM N 0.0 -1.2 -3.0
PBEO* def2-TZVPP PCM D3(BJ) 0.0 -3.0 -53
B3LYP 6-31G* N N 0.0 6.4 0.7
B3LYP 6-31G* PCM N 0.0 6.2 —-0.3
BP86 6-31G* N N 0.0 5.5 -0.4
PBEO 6-31G* N N 0.0 4.4 -1.3
19(=3 MO06 6-31G* PCM N 0.0 1.1 —3.8 0
MO06-2X 6-31G* PCM N 0.0 -0.5 —34
BP86 SV(P) PCM N 0.0 2.7 —-1.8
PBEO* def2-TZVPP PCM D3(BJ) 0.0 0.7 -5.0
B3LYP 6-31G* N N 7.3 14.1 0.0
B3LYP 6-31G* PCM N 9.9 16.1 0.0
BP86 6-31G* N N 8.3 13.8 0.0
PBEO 6-31G* N N 8.8 133 0.0
20 (n=4) Mo06 6-31G* PCM N 12.2 12.8 0.0 82
MO06-2X 6-31G* PCM N 1.4 10.5 0.0
BP86 SV(P) PCM N 1.1 13.6 0.0
PBEO* def2-TZVPP PCM D3(BJ) 134 14.0 0.0
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comes on these examples, the study was extended to include

) Table 2. Relative difference of Gibbs energies at 298 K. Solvent correc-
these effects to several other systems, using the MO06-2X/6-

tions were applied using a PCM model with either dichloromethane or

31G* methodology. A comparison between this method and chloroform as relevant for the M06-2X/6-31G* calculations. See the Sup-
B3LYP/6-31G* is presented in Table 2. As observed with struc- porting Information for absolute energies. Blue numbers denotes the
tures 17-20 (Table 1), the main difference between the two most significant differences between the two methods >3 kcalmol™".
hods is th h ' d he ri ded f A, is defined as the mean value of the energy at M06-2X/6-31G*—
methods is that, when compared to the ring-expanded form, energy at B3LYP/6-31G".
the relative energies of the ring-closed forms are lower at the
MO06-2X/6-31G* level (A,,=—5.2 kcalmol™), and ring-opened | Compound Functional/ RO . RC . RE . Yield
H - - - 0
isomers increased (A,,.=3.1 kcalmol™). In most instances this basis set [kealmol™1 kealmol™1 [kalmol™1 RE (%]
doesn’t change the expected outcome of the reaction, howev- | 34 B3LYP/6-31G*  10.0 126 0.0 675
. . . M06-2X/6-31G* 12.5 10.2 0.0
er, where there is a smaller difference in the energy of the
ring-opened and ring-expanded isomers (see 53, 63 and 64), 5 B3LYP/6-31G* 8.1 97 00 gl
this does result in ring expansion being predicted to be fa- MO06-2X/6-31G*  10.5 3.7 0.0
vourable. Notably in some examples the intermediate ring-
. . . B3LYP/6-31G*  36.6 454 0.0
[ isomer mes lower in energy than the ring-open fsa)
closed iso ? becomes lowe energy than the ring-ope e'd, 33 MOG-2X/6-31G" 380 317 00 80
however, this does not seem to correlate to any observable dif-
ference in how well the reaction proceeds experimentally (see 40 B3LYP/6-31G* 9.3 11.8 0.0 59
32, 40 and 69 for examples). M06-2X/6-31G*  11.7 8.1 0.0
Thus, for either meth h th LYP and M06-2X func-
. us, for eithe ejc od, both the B3 a' d Mo6 u C B3LYP/6-31G*  10.8 10.3 0.0
tionals correctly predicts the expected reaction outcomes in | 41 MO6-2X/6-31G*  10.3 37 00 56
the majority of cases, although on average, it is the B3LYP
method that more closely correlates with the experimental 0 B3LYP/6-31G* 352 398 0.0 _
— - *
findings, despite the fact that the M06-2X functional usually MO06-2X/6-31G*  32.6 305 0.0
performs better for organic molecules due to the inclusion of 5 B3LYP/6-31G* 0.0 97 00 i
dispersion corrections.">'? Therefore, we believe that these re- M06-2X/6-31G* 6.9 7.1 0.0
sults clearly demonstrate that the B3LYP/6-31G* methodology
L . - : B3LYP/6-31G* 2.9 9.2 0.0 )
|? suitable as. an aid for p.redlctlng' Fhe outFome of SuRE.re.ac 54 MO6-2X/6.31G* 5.0 s 00 67
tions, balancing computational efficiency with good prediction
of reaction outcome. The observation that a greater than B3LYP/6-31G* 5.5 17.9 0.0
-1 i i i >6 M06-2X/6-31G*  11.7 138 0.0 0
3 kcalmol™' energy difference between ring-opened and ring- 06-2X/6- . - .
expanded isomers |s.neefied to more conﬁdently predict the BILYP/6.31G* 104 196 00
outcome of the reaction, is based upon the inherent computa- 57 MO6-2X/6-31G* 11.2 13.8 0.0 7
tional accuracy of these calculations
50 B3LYP/6-31G* 6.7 184 0.0 99
M06-2X/6-31G*  12.0 13.1 0.0
Conclusions
61 B3LYP/6-31G* 109 20.3 0.0 73
In summary, we have significantly expanded the scope of vari- M06-2X/6-31G* 14.5 15.1 0.0
ous classes of SURE reaction, and have shown that the reaction
. . . B3LYP/6-31G* —2.5 134 0.0
outcomes can be.predlc.ted ba.sed. on the.: rv?elatlve le?bs free 63 MO6-2X/631G* 28 100 00 40
energies of three isomeric species in equilibrium by using DFT
calculations.” Useful conclusions can also be drawn from the 64 B3LYP/6-31G* —3.3 10.6 0.0 0
significantly expanded synthetic scoping reactions and a total M06-2X/6-31G* 0.5 6.8 0.0
of .48 new ring-expanded p.roducts are reported in this manl.J- B3LYP/6.31G* 5.9 42 00
script. In most cases, the isomer calculated to be lowest in | 66 MO6-2X/6-31G* 9.4 191 00 77
energy was the major product obtained in the corresponding
Synthet|c results. 67 B3LYP/6-31G* 3.9 17.7 0.0 71
Of course, any computational predictive method of this type MO06-2X/6-31G* 6.0 128 00
will never be 100% accurate, especially given how difficult it is 6 B3LYP/6-31G* 3.9 12 0.0 “
to model the properties and conformations of relatively flexi- M06-2X/6-31G* 9.2 5.7 0.0
ble systems like macrocycles.”” In view of this, the approxima-
. . . . o . B3LYP/6-31G* 35 196 0.0
.tlons |nvolv.ed in the calculat.l?n§ and the p055|b|I|ty. that kinet 71 MO6-2X/6.31G* 98 145 0.0 84
ic effects might prevent equilibrium being reached in some re-
action systems, we do not recommend using the calculations B3LYP/6-31G* 48 14.5 0.0
. . . . . . 72 * 45
to make quantitative predictions on reaction yields or the MO06-2X/6-31G* 6.6 9.2 0.0
[tzmann distribution of the isomers in the presum ili-
Boltzmann distribution of the isomers in the presumed equ A 31 s 00

bria. The guideline that a free energy difference of more than
3 kcalmol™" in favour of the ring-expanded isomer when using

[a] Isolated as a mixture (54g¢/5450 4:3).
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the B3LYP/6-31G* methodology usually leads to a successful
reaction is a qualitative observation, that this was true in all
such cases tested in which the preceding acylation step was
efficient. It should not be considered a hard rule. However, as
a guide to assessing the viability of new ring-expansion reac-
tions before embarking on synthetic effort, we do believe that
this DFT/B3LYP/6-31G* method, which is widely implemented
across the vast majority of computational chemistry packages,
has practical utility and will be useful in directing future syn-
thetic efforts, in our group and others.
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