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Abstract: Recently we introduced a new meth
measures. The classification has the following properties: is hierarchical, is property based, uses
similarity. We are now considering the addition of steric demand: a fast methodology for calculating
steric hindrance is presented, the obtained descriptor is used in the calculation of a steric similarity index
between reactions, and it is used inside the existing classification scheme to group together either reaction
with similar steric demand, or reactions with both similar electronic and steric properties. © 1998 Elsevier

Scicnce Lid. All rights reserved.

INTRODUCTION

considering a molecular transformation. It is so natural that often it passes unobserved, leaving the chemist
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explicitly rationalize their intuitions, caused a very scarce attention in the literature for reaction classification.
In addition, we must consider two different ways to look at the problem: reaction classification for storage,
retrieval, and naming, and reaction classification for organizing reactivity. In the first case, a great deal of the
solution is represented by the determination of a convenient formalism to univocally describe structural changes
and, possibly, reaction mechanisms, not as fundamental atomic transformations but as pictorial electron - bond
movements. This aspect is extremely important and of great benefit to the chemists’ community, because it
permits the elimination of ambiguities and redundancies.’ In the second case, on the other hand, the electronic
properties of molecules are the topic. Consequently, it can happen that either reactions formally similar become

member of different groups, or viceversa. Also this reaction classification mode is important, because it permits

the prediction of reaction courses and/or of reaction products. Indeed, the solution of this second mode is more
. . el . .. 38
articulated because chemical reactivity is much more complex than its formal description.

In a recent work we challenged the reaction classification problem introducing our approach based on
similarity analysis.g The method considers the electronic aspect of reactions and hierarchically classifies them.
The obtained classification scheme was successfully used for the comparison of organic synthesis plans.

During and after its development we realized that an important aspect of chemical reactivity remained unsolved:
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the role of the molecular geometry. In fact, it is well known that many
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take place because of the presence of steric congestion, or, on the contrary, the final result of a reaction is
unexpected for the same reason. We are worried by this issue of chemical reactivity since many yearsii and we
are still searching for a sound solution. However, we can at least try to classify steric congestion in reactions.

To this end, we are going to present a simple but effective way of reaction classification by steric
the similarity approach we already reported, in order to get a consistent complete system.

Steric congestion in two dimensions
Molecular geometry is typically a three dimensional issue; it depends on the relative disposition of the

atoms in space. Consequently, it has been often confined inside the complex and hard field of conformational /

Even molecular shape has been represented by two-dimensional descriptors.”
The selection of a two-dimensional descriptor in the present case is justified by two principal purposes:
first, the customary aim at leaving the conformational problem far from our study; secondly, the appeal of the

different message that the dimensional reduction bears. It is clear that ignoring the third dimension we introduce

In our preceding work in the field of synthesis pianning we have aiready used an approximated steric
descriptor to order the bond breaking sequences.'® The descriptor is calculated from the molecular topology
using a method for classifying the atom steric congestion. Atoms are assigned to steric classes by their
substitution level and by the substitution of their first shell neighbours. G is a step function calculated by

equation 1
G(1) = f(o, Bums B G = congestion class )

where o is the number of atoms directly connected to atom (i), By is the highest number of atoms

connected to a single atom in the alpha sphere, and [y is the sum of the atoms connected to the alpha sphere.

These values consider the steric congestion of an atom as a separate entity, but, for our purpose, this is not
sufficient. We thus introduced a steric congestion calculated using the congestion of the atom and of its
neighbours. This is simply obtained summing their G values (equation 2). The calculation could have been
extended over further atomic sphere, but we think that the significance of the calculation wouldn’t have
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Reaction steric congestion

Equation 2 gives the extended atomic steric congestion for any atom in a molecule; but we would like to
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2) Reactant steric demand; it concerns the steric congestion present on reactants. A reaction is influenced
by this congestion and can even give different results. This is the classical understanding of steric congestion by
chemists; i.e. the more a reacting atom is congested, the more difficult is its transformation.

3) Product steric demand; it concerns the steric congestion present on products. In a kinetically controlled

reaction. as is t
reactio 1Stk
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e favourite of chemists, this congestion is unim
balance between kinetical and thermodynamical control. Therefore, its analysis could be interesting.

The three classification modes can be used: separately, thus classifying reactions under a precise aspect;
hierarchically, permitting the subclassification of reactions; in connection with the electronic classification,
grouping reactions that are both geometrically and electronically similar.

RESULTS AND DISCUSSION
The discussion of the method performance will be presented with the aid of some examples. The example

selection has been operated so as to cover the majority of organic reactions and, at the same time, many

different steric instances. The results are reported in the following Tables that are divided by reaction class and

substructure types.

reaction we have: reactions which don’t show a great congestion change (substitutions); reactions which show a
congestion decrease (eliminations); reactions which show a congestion increase (additions and cycloadditions);
reactions which show either a congestion increase or a congestion decrease (enolizations); thus, all the

possibilities are covered. The discussion initially presents each reaction class and then we will try a more

Eliminations

The elimination of acid bromide from alkyl bromide has been chosen as the prototype of this class. As
expected, all the reactions show a decrease in steric congestion. Here we report some examples with different
steric demand. The result is very clear and all the reactions are inserted in the expected group. More interesting
is to look at potential isomeric products. Reaction pairs are: E1-E2, E3-E5, E4-E7, E6-E8, E9-E10. All of them

giva a
givi ai
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o

congestion;, however, the measure of the decrease depends on the structure. There are cases where more
congested reagents differ less with respect to the formed isomers than less congested reagents (e.g. E3-E5 and
E4-E7). It is interesting to note that a compound that typically gives a Hofmann elimination (E9-E10) shows a

greater difference between potential isomeric products than its Saytzev counterpart (E1-E2). This predicts a

the consequeni reaction mechanism, steric congestion of the reagent, type of reaction control. Looking at the
RRG and PRG values a principal aspect must be noted: the congestion value depends on the reaction also for

the reagent / product analyses. In fact, because steric congestion is measured only for the reacting atoms and
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because they are seiected by the pair reagent / product, the congestion is not that of a singie atom and, therefore,
the accessibility to an atomic center is not directly correlated to the present calculation.
We can in all affirm that the result concerning this reaction group is well adequate, most of the time in

line with expectations.

Table 1. Elimination reactions

ID? Reaction RRG’ PRG® TRG®
1 A~ — . 278 D AR 2110
1.1 / \\/ \Br T’ / \/% [ Y i | PR 1.1 4
HBr
|
E2 PN Br > NN 4.46 3.24 -1.22
HBr
E3 /\/LBr N 4.16 2.89 -1.27

HBr
E4 /%\/{\Br ~— M 4.73 3.05 -1.68
]

HBr
ES /AY ~B -~ /\/\ 5.55 3.71 -1.84
. .
! HBr |
E6 //\\‘//i\\B /A\(/J\\\ 5.64 3.36 -2.28
ro~— .
| HBr |
1 ]
V) ~ -
E7 /\/*\Br -~ /\_)\ 10.34 6.39 3.95
HBr
| |
E8 /\/f\sr —~ PN 11.41 6.86 -4.55
| HBr ]
s
E9 N 7.62 3.30 -4.32
Me3NH
. | +
E10 ff 10.70 4.81 -5.89
Me3NH
*Reaction identification number, "Reagent steric congestion. "Product steric congestion.
“Difference of columns RRG and PRG.
Substitutions
The substitutions are shown in three Tables because they cover three different prototypical cases: the
P T D . SR B | | Mo s bt T bl A aa A e il T obkla WY amd tha avakanon ~F
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a small group with a bigger one (Table 4) on rings. In the first two cases the variation of steric congestion is
relatively small (0.0 - 0.38), whilst in the third the course is clearly more articulated.

It is interesting to note the difference between the values of Tables 2 and 3. Because the calculation is

differently made on ring structures the values are constantly greater in Table 3; but the differences are very
similar. On the contrary, if the substitution is performed using a more demanding group the values are more

affected (Table 4).

We must also point to a drawback of the two-dimension procedure; in fact, the congestion on rings is not
influenced by their conformations / configurations. For example, the introduction of a new substituent in alpha
position has always a bigger effect than in the beta position. The weight of this factor can be however

considered introducing one of the existing descriptors. o

D" | Reaction | RRG" | PRG" | TRG
Sl /‘\/\Br NaOH, )\/\ o 1.35 1.35 0.0
S2 AN, NeOH /Lv “oH 82 1.89 0.07
S3 /ly%\ NaOH /l% 2.88 3.26 0.38
) Br e OH

- iy

|
NaOH, \}/W/ 5.60 5.67 0.07
! Br ! oH !
*Reaction identification number. "Reagent steric congestion. ‘Product steric congestion.
diec, o f e DD an A DDA
L2TLICTCIICC O COIUITIIS IRIRATY dIAd I"IRAT.
Table 3. Substitution reactions
D | Reaction | RRG' | PRG" | TRG
Br OH
cs1 Q/ NaOH_ 206 226 020
B A/OH
CS2 [ NaoH [ ] 3.07 327 0.20

CS3 (Y/ NaOH (\r’ a 4.85 5.05 0.20

e - - : - : :
+ A t ‘
Reaction identification number eagent steric congestion. "Product steric congestion.
di~e
Difference of columns RRG and PRG
™. R, - 1.. 1. PO, Arlyy + +

would have been grouped together using only electronic considerations.
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It is also possible to compare substitution reactions to elimination reactions. The steric influence on these
two types of transformations is clearly different because eliminations decrease steric demand whereas
substitutions don’t show great changes. However, the difference is much greater for those compounds that are
more crowded (compare S2 to E3 and S3 to E8) according to a higher probability for the elimination to compete

g
classes without predicting a particular product; the application that uses the classes should take care of the

calculated differences.

Table 4. Substitution reactions
ID." | Reaction | RRG' | PRG | TRG"
N /Br N /OPh
0C1 C ] NaoPh [T 2.64 3.17 0.53
~o
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“Reaction identification number. "Reagent steric congestion. “Product steric congestion.
‘Difference of columns RRG and PRG.

Additions
Two classes of additions have been selected as prototypes: the 1,2-addition of MeLi on carbonyl

"""""""" Ao S sl 1A 13
Conipounds ana e 1,4-add

~ £ N
1ot 1

of MeLi on o.p unsaturated carbonyl compounds. The analysis has been
carried on without separately considering the two classes.

In addition reactions the steric congestion obviously increases, but, in parallel with eliminations, the
perturbation is strongly related to the situation of the reagent / product.

Only few principal points. First, apparently the 1,4-additions requires greater steric availability, as showed

of both rcagent partners is important. Finally, two highly congested ketones, A3 and A4, that score high in
reagent classification, don’t show a great change of their congestion after addition of MeLi in agreement with
expectations.

The whole classification is, in any case, interesting, showing good responses, sensitive to the steric

congestion differences.

Cycloadditions

Cycloadditions are in a reaction class that definitely changes structural steric demand; in addition, the
cyclicity of the molecule is also changed. Therefore, they represent a good test of our classification scheme. In
order to test this particular situation we analyzed some prototype reactions: additions to substituted 1,3-dienes

and to cyclopentadienes.
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Table 5. Addition reactions

DS ] Reaction | RRG' | PRG" | TRG
0 O/LI
Al B U 126 2.92 1.66
- H /{\H
=0 . /=0
MA1 ==/ " HL 2.76 4.71 1.95
|
0 L
o}

1.90 6.95 5.05
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MA2 \}:o >‘:0 3.86 10.27 6.41
\ o . /Ll . ] J. . .
/ \ \Li
AS D L Py 2.60 9.96 7.36
T TAT

"Reaction identification number. "Reagent steric congestion. “Product steric congestion.
Difference of columns RRG and PRG.

The TRGs score quite high showing good sensitivity to the steric congestion changes. Looking at

<
p

1 o0

managed by electronic effects; therefore the influence of steric congestion is absolutely of secondary
importance. Nevertheless, looking at reactions DA2 and DA3 we can note that the two possible regioisomers
(“orto” and “meta”) show different steric requests with DA2 increasing less the geometric congestion. This
result is in contrast with the experimental finding, demonstrating once more that cycloadditions are not

governed by steric congestion.

Enolizations

The last class of reactions that we used are enolizations. These are reactions that essentially move one or
more atoms from one location to another in the molecule, i.e. they are isomerizations; consequently, the steric
demand differences are sufficiently small and can be either positive or ncgative. In the set there are two kinds of
reactions: real isomerizations (subset CEx) and acid-base enolizations (subset BEX). Most of the CEs arc

decreasing the steric congestion, as expected of a passage from an sp; C to an sp, C. On the contrary, acid-base
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reactions are mostly increasing the steric congestion. The enolization case is particularly interesting because it
allows to test the possibility of combining the calculated indexes to indirectly obtain the indexes of new
transformations. For example, we can look at the reaction cycle reported in Figure 2; it represent the

interactions that can take place when mixing an enolate and an aldehyde. Starting from the upper-left corer the

Table 6. Cycloaddition reactions

DS | Reaction | RRG" | PRG" | TRG®
[e]
DAl P i P 1.86 2.94 1.08
v — U
X I
0 i
DA2 i ~ 2.10 3.40 1.30
P O s g
g [
_0 _0
~0 S0 o
DA3 ) )CJ)\ | 2.10 3.78 1.68
g 7
+ ~ — |
N f "
_ o
DA4 2 i 2.27 4.57 2.30
A —
T 0
QO
DAS }; 2.86 6.71 3.85
/\\> * HJ\ \ﬁ
ST i N
~

‘Reaction identification number. "Reagent steric congestion. “Product steric congestion.
PN
Ditterence of columns RRG and PRG.

C-enolate of isobutyraldehyde and acetaldehyde can give, going down, the O-enolate of isobutyraldehyde and

acetaldehyde, or, going right, isobutyraldehyde and the C-enolate of acetaldehyde. The lower-le

D525 2

0 o o ?L
066  ~_ M
)T/U\ H Ot )J\ Ho o \[/u H o " TH
Li +0.66 Li
lg 24 l 0.45
lu.;-ﬁ * L
s L
L 0 o)
'y ﬁ +0.15 PN
ANy o = o H “R

Nn1g
A R i

Fig. 2. Classification of reactions by TRG. Interactions between isobutyraldehyde and acetaldehyde:

C-enolates, O-enolates, and starting reagents.
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pair, thus closing the cycie. The corresponding TRGs are, ciockwise from upper-left, -0.66, 0.45, -0.15, —0.24;
their sum is equal to 0.6 that is very near to the calculated value of 0.66. However, other combinations give

different values demonstrating that steric demand strictly depends on the order of reaction application.

T'able 7. Enolization reactions
D | Reaction | RRG' | PRG" | TRG®
L
0 o
CEl Lo | B 5.88 3.23 2.65
e
/‘\ N
_ A,LI
[8) o
BE1 | L l P 2.94 2.59 -0.36
/\/‘\ -~ M
/k H2
~ r\/L]
Q U
CE2 1 ] 1.92 2.08 0.16
/\ » 72N
|
Li
_Li
BE2 ? ? 1.25 1.67 0.41
PR »oe o
Hy
0 0
BE3 /lL\ i, F)L\ 1.51 2.23 0.72
Hy Li

*Reaction identification number. "Reagent steric congestion. °Product steric congestion.
dDifference of columns RRG and PRG.

Cross comparisons

As a final part of the discussion of our method we are interested in presenting some comparisons across
reaction classes.

The first example concerns the comparison between different substitution reactions. In Figure 3 the
course of the three indexes of the same substitution on cyclic and acyclic structures is shown. In the upper part

Arrrmanad ey TR 34 30 mnmoo H S PO Ao 4+ 4haer camna A lnvnntlsy Tha
Ullipaicu UY 1IN, 1L 15 PUSSIDIC WU [IULC Uldt UICy SLUIC 4lllcicily. 11iC

()

is are
middie and the lower parts show the different ievel of substituent compiexity that are required to get similar
values of RRG and PRG. In Figure 4 the comparison between different cyclic substitutions is reported. In the
upper part it is shown how different is, by TRG, the response of the index for similar reactions with dissimilar
reagents. In the rest of the Figure it is explained, in terms of RRG and PRG, the reason of this result. It is clear
that the reagents do not affect the course of the reaction, but the products do. In fact, to have two similar PRGs
S R DR PENIpES LI RGN B TR SRR PR B PRV IR M Y

LN 1CSS ACIHAIIULITY CldsSS HIUDL DC DUIUCIICU DY 1ICAVy SUUSLILUCTILS.

The second example concerns the comparison of substitutions and additions. In Figure 5 the comparisons

by TRG, RRG, and PRG, are shown. The TRGs of the additions are expectedly greater because the perturbation
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introduced in terms of steric congestion is greater. In fact, looking at the RRGs we note that the two classes
hahavae gimilarly whilet tha PROIe indinata that tha mendiinte nra mranaging tha Aiffaran a
ULiiavie OLillitdlily, VViIIOt UG D INGUD 111givaty gl uic lJl UL Al 111 1a5u S UIT ULLITITLILC,

- Br O o NaOH .

! | NaOH | ] S \1/ o S N S

N o S ! [

~ TRG 0.20 Br OH TRG 0.07
B - _OH

f/: BALLLL U /,)\/ NaOH \}A/L/
Ny 7 \‘/\l > >

a( ; o o ‘
k\/ /‘\\ T L\ \L /{\ . NavH
! PRG2.83 Br OH PRG 2.88
Fig. 3. Classification of reactions. Comparisons of acyclic and cyclic substitutions by TRG, RRG, and PRG.

P .Br . OPh N Br OH
; T NaOPh (j/ QT NaOH, ¢/\T
~ TRG  0.53 N TRG  0.20
N Br - _OPh B o _~~_ _OH
Y\‘/ naorh T T Y naoH T Y
S SoNUTRG 099 S “oTRG 021
B OPh Br _OH
(L neory Y Y meow, (Y
\,l/< \\{/\\ \T)\ f)<
’ ! RRG  3.61 ! ! RRG 358
(/-»\/Br _~_ OPh Br ~__.OH
$\( P NaoPh P (j% NaOH, 1 P
! ' PRG 4.84 ‘ é PRG 3.79

[ : NaOPp f\ \{/ [><1(,Br o K_on
L BALLLRNY ~
g PRG 4.84 A K)i PRG 5.05
n

sification of reactions. Comnarisons by TRG. RRG. and PRG of cvelic substitutions with different
I by , RRG, and of cyclic substitutions with different

LINLT FERARE | (e 4 w

steric demand.

\ B N\ _~_ _.OPh lo L Q’Ll
/[ NaOPh .~ Ay 7 ! .
< ’ AT
TRG 1.73 TRG 1.85

0 L
K s
)f \ﬁ RRG 3.27 N
N B \ 0P i Li -

L
PRG 4.7]
Fig. 5. Classification of reactions. Comparisons of additions and cyclic substitutions by TRG, RRG, and PRG.

io / Tetrahedron 54 (1998) 573i-5744 5741
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‘The third exampie, sketched in Figure 6, concerns additions and cycioadditions. In this case, the TRGs indicate
a similar course for the two classes, in agreement with the similar change introduced. In this case the
responsible is the similar weight that reagents and products have in the two classes, as clearly shown in the

Figure. However, we must remember that the cycloadditions affect more reacting centers than additions do.

reacting atoms.
Finally, we would like to comment on the possibility offered by our procedure to compare different
reactions. Taking a particular reaction as reference (see Figure 8, first, third, and fifth, lines) we can classify

other reactions. In the shown cases, all the reactions are correlated with the reference, but this is absolutely not a

TR ~v DRI anmd Amlsr tha firot Ama ram ha ae~tvimad ey DD dacsmita ¢lan crmmitlneitrr, ~Af ¢l 1mtneactad ammamarimde
11N UL TR, allu Uil LHIC 11100 ULIC Lall vce 51 ycu Uy DN, UCDPILC L1LIT O} 1ua1u_y Ul LI (HIICLIOOLICU LU upuu 1Uud
0]
o) ,,LI fo) J
1 ~_ _-Li 0 N ST .
\\w/ﬂ\\r/*\‘/—_'\/lr\/ N - — AT
] i i
] | Yy 700 L
| /)‘ | - | TNL N
\,
TRG 7.36 AN TRG 7.61

| I i
! ‘ ' NIRRT 1 .9\1 ~ K\\/ RR\} 1 .86
| | J i P
P NN

o Li /)\ o_ . I NS
ey 7~ P + . » | .
! 7\'{ * ﬁ*\R . I /E /[\‘/)(
h S prg 956 | T | PRG 1006

Fig. 6. Classification of reactions. Comparisons of additions and cycloadditions by TRG, RRG, and PRG.

\ =0 . \ /=0
’ Li TRG 3.14
o) O
>L/U\ un, S
o T
! TRG 3.62

Fig. 7. Classification of reactions. Comparisons of additions and enolizations by TRG.

Van der Waals

For the sake of discussion we also analyzed few examples using the VAW strain energy calculated by
A 20 T Tl O soe chmw the recilée T4 ic jmmadiataly claar that the fuwa methade ara nat altarmativa In fact
ivilvlL. 1i1 1 4Auic 7 C SIIUW UIT TOOULLS. 1t 1D HiITUlatlTly LiCal tidl tIC twu HHICUIUUS all UL allviiati v, 11 iavi,

oan

our procedure only considers reacting center congestion to the aim of classification, whilst MM2 calculate the
complete energy of the molecule to the fundamental aim of conformational search. Thus, we cannot expect

correlated results. However, very qualitatively, the results show the same sense; i.e. strain energy
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—Q

T T YT
‘ TRG 2.01 RRG 137 PRG 338

T h
Ha TRG 024 RRG 1.65 PRG 189

TRG 2.01 RRG 1.37 PRG 3.38

~Li
O
Y [
\/1\ H > 2"
Li TRG -0.85 RRG 3.21 PRG 2.36
N -Li
. I
Y\H — \ﬁ\H
TRG 2.01 RRG 1.37 PRG 338
(0]
i Il
s
H .
2 Li TRG 138 RRG 290 PRG 428
Fig. 8. Classification of reactions. Comparisons of different reactions by TRG, RRG, and PRG, using
isobutyraldehyde as eference.
Table 9. Comparison of steric congestion and Van der Waals steric energy
{ArmmannAd CAnaactinn? Niff (r\-é—‘,ﬂ‘\o FVvAd X’c ™ifF (n+1-n\a
\/UIUPUULLU UL VO L718X. (117 i7Ixy L YN YY A aii. \11 ' 1Taay
CH;COCH, 1.01 4.08
CH,=C(OH)CH; 1.46 0.45 4.72 0.64
(iPr),CHCHO 1.65 14.87
(iPr),C=C(OIDII 1.89 0.24 10.13 -3.74
(iPr),CHCOCI, 2.94 217.91
(iPr),C=C(OH)CH, 2.59 -0.35 103.94 -113.97
(tBu),CHCOCII, 4.87 984.60
(tBu),C=C(OH)CH;4 4,76 -0.11 664.94 -319.66
EtCH(CH;)C(CHj,),Br 5.54 (7.63) 115.44
EtCH(CH;)C(CH;)=CH, 3.26 -2.28 41.86 -73.58
EtC(CH;)=C(CHs;), 4.28 -3.36 72.70 -42.74
*Steric congestion of reaction center [’lef\,wucu of steric congestions between odd and even lines
“Strain energies calculated by MM2. Difference of strain energies between odd and even lines




CONCLUSION

We have presented a method for classifying reaction by their steric congestion. This represent an addition

in the course of many reactions and it can become the fundamentai cause of the reaction outcome. Consequentiy
the availability of a methodology that explicitly consider this aspect adds great power to the standard reaction
classification.

The complete system, thus realized, is property based and thus independent of the a priori definition of

reaction classes. We would like to imagine that it can permit a new and diverse mode to look at reaction
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CONCLUSION

We have presented a method for classifying reaction by their steric congestion. This represent an addition

to our previous system for reaction classification, adding a hierarchical step. The influence of steric demand

in the course of many reactions and it can become the fundamental cause of the reaction outcome. Consequently
the availability of a methodology that explicitly consider this aspect adds great power to the standard reaction

classification.
The complete system, thus realized, is property based and thus independent of the a priori definition of

reaction classes. We would like to imagine that it can permit a new and diverse mode to look at reaction
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