ACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by CORNELL UNIVERSITY LIBRARY

Developing a Modern Approach to Account for
Steric Effects in Hammett-type Correlations
Celine B. Santiago, Anat Milo, and Matthew S Sigman

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.6b08799 « Publication Date (Web): 21 Sep 2016
Downloaded from http://pubs.acs.org on September 21, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or conseqguences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Journal of the American Chemical Society is published by the American Chemical

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Journal of the American Chemical Society

Developing a Modern Approach to Account for Steric Effects in

Department of Chemistry, University of Utah, 315 South 1400 East, Salt Lake City, Utah 84112, United States

ABSTRACT: The effects of aryl ring ortho-, meta-, and para-substitution on site selectivity and enantioselectivity were investigat-
ed in the following reactions: 1) enantioselective Pd-catalyzed redox-relay Heck reaction of arylboronic acids, 2) Pd-catalyzed B-
aryl elimination of triarylmethanols, and 3) benzoylformate decarboxylase-catalyzed enantioselective benzoin condensation of ben-
zaldehydes. Through these studies, it is demonstrated that the electronic and steric effects of various substituents on selectivities
obtained in these reactions can be described by NBO charges, the IR carbonyl stretching frequency, and Sterimol values of various
substituted benzoic acids. An extended compilation of NBO charges and IR carbonyl stretching frequencies of various substituted
benzoic acids was used as an alternative to Hammett values. These parameters provide a correlative tool that allows for the analysis
of a much greater range of substituent effects because they can also account for proximal and remote steric effects.

descriptor sets for ortho-substituents. Subsequently, in 1975, Fu-
jita and Nishioka described a general equation to account for me-
ta-, para-, as well as ortho-substitutions in aromatic rings, where
E, is the Taft-Kutter-Hansch steric parameter,%°" F is the Swain-
Lupton inductive-field effect,® and o, is used as o, (Figure 1d).?
While the model has been applied to several hydrolysis reactions®
10 and was recently reported to characterize a Ag-catalyzed decar-
boxylation of benzoic acids,™* it has been historically criticized for
its small selection of substituents*? and non-systematic choice of
o', 0, and o during model development.*®

a) Hammett o o
Ky on =5 o
o = log K_H X = x + Hy0*
b) Taft
log <T§X-> E°s Q o
o, = H, - -
o Base OMe OH, o
2.48 X X + OMe
c) Charton
Ox=ox+topxth
d) Nishioka-Fujita equation = 0

i gcE: R §
log k = pop, + 6Es +fF + ¢ X o —— X 0~ “Me

Figure 1. Earlier examples of aryl substituent effect descriptors.

In view of these limitations to previously reported ortho-
substituent parameter sets and models, we sought to apply multi-
variate analysis tools' to identify descriptors sets that account for
variations at all sites on an aromatic ring. Success would allow for
one to analyze a much greater substituent effect range and also
delineate the structural/mechanistic origin for observed correla-
tions. Within this study, we compare these modern parameters to
the aforementioned historical techniques. To accomplish this, we
conducted two case studies to understand ortho-substituent effects
(Figure 2): a) site selectivity in the enantioselective Pd-catalyzed
redox-relay Heck reaction of alkenols developed in our laborato-
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27 INTRODUCTION

28 Linear free energy relationships (LFERS) are an essential phys-

29 ical organic experimental tool, which allowed the shift from quali-

30 tative analogy to quantita;ive analysis in understanding how struc-

31 tural c_hanges a_ffect reaction outcomes.’ The_ work of Hammett is
the quintessential example of LFERSs, wherein the pK, of benzoic

32 acid derivatives was related to various reaction rates (Figure 1a).?

33 This parameter, known as the Hammett value (o), has provided

34 insight into the relationship between chemical structure and reac-

35 tivity in systems containing aromatic rings. Despite the Hammett

36 parameter’s widespread use, it is exclusively applied to electronic

37 effects of meta- and para-substituted aromatic rings.** This re-

38 striction is often attributed to steric effects at the ortho-positionz°,

39 which cause the benzoic acid carbonyl group to twist out of the
aromatic ring plane resulting in disruption of the conjugation be-

40 tween the carbonyl group and the arene.®® Thus, substitution at the

41 ortho position introduces changes to steric, inductive, and,

42 through altered conjugation, resonance effects.*

43 The inability of o to describe ortho effects has been historically

44 addressed and analyzed. As an early example, Taft generated

45 ortho-substituent constants (o,*) through a method that eliminates

46 steric effects by applying the variable E° (Figure 1b).° Taft

47 demonstrated that the acid-catalyzed hydrolysis of ortho-

48 substituted benzoate esters is governed by steric effects, while in

49 base-catalyzed hydrolysis both steric and electronic effects play a

50 role. A significant drawback of the relationship developed by Taft

51 was the limited scope of ortho-substituents. For example, its
inapplicability to fluoro, amino, and even hydrogen at the ortho

52 position is noteworthy.! Following this effort, two separate groups

53 developed equations derived by multiple linear regression analysis

54 to account for electronic effects as well as steric effects in ortho-

55 substitution. Charton reported an ortho-substituent constant (Qy)

56 (Figure 1c), where o, is the inductive field effect and oy is the

57 resonance effect.® However, bulky substituents (e.g., t-Bu) and

58 substituents capable of resonance (e.g., NO,, Ph, and MeQ) were

59 excluded from the set, which again leaves only a small range of

60
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ry,”® and b) site selectivity in a Pd-catalyzed B-aryl elimination of
triarylmethanol reported by the Johnson group.*® In addition to
proximal steric effects from ortho-substituents, a secondary aim is
to study remote steric effects, which can also be present at the
meta-position as reported in a benzoylformate decarboxylase-
catalyzed enantioselective benzoin condensation from Pohl,
Miiller, and coworkers (Figure 2c).*” Herein we describe the cor-
relation of computationally derived general parameter sets to reac-
tion outcomes with a broad range of aromatic substitution pat-
terns.

a) Redox-relay Heck reaction of alkenols Ar

D
* Ar
i

[Pd],PyrOx
_—

Ar=B(OH), +  /=\ PH

¢C N

RO
el ey
R = y Y p

TS
B
+ ortho-substituted arylboronic acids resulted in higher v/ selectivity

b) p-aryl elimination of triphenylmethanol

o
[Pd] o+ ehear
OH
Ph” Ph
F’h’)\A + Ph—Br —>PPh3, Cs2C0s or
r
h )oj\ + Ph—Ph
Ph” Ar
O..
oh 7[,\ lPdi—Ph
Ar

Ph
+ Ar with ortho-substitution is more prone to elimination

¢) Benzoin condensation by benzoylformate decarboxylase (BFD)

o H BFD, ThDP o]
D D
Ar” H e} buffer pH 7.0 ArT Y
OH

+ para-substituted benzaldehydes:
log(er) follows a Hammett trend

+ meta-substituted benzaldehydes:
no Hammett trend observed

+ remote steric effects at meta

Figure 2. Processes under study in this report: a) enantioselective
Pd-catalyzed redox-relay Heck reaction, b) Pd-catalyzed B-aryl
elimination of triarylmethanols, and c) benzoin condensation by
benzoylformate decarboxylase.

RESULTS AND DISCUSSION

Univariate Parameter Analysis. In line with this objective, we
computationally acquired and analyzed steric and electronic pa-
rameters for a set of 46 functional groups in all three aryl posi-
tions: ortho, meta, and para of a benzoic acid (total of 139 mole-
cules including the unsubstituted benzoic acid). These include: the
infrared (IR) carbonyl stretching (vc=o) and COH bending (vcon)
frequencies and intensities,* natural bond orbital (NBO) charges'®
of each atom in the carboxylic acid moiety, Sterimol*® By, Bs, and
L of the substituent, and the torsion angle between the carbonyl
group and the aromatic ring plane (see Tables S1 to S6 in Sl).

Our initial goal was to identify alternatives to the Hammett val-
ue (o) in order to remove the dependence on empirically derived
parameters. Previous work by Jones et al.? revealed a linear rela-
tionship between experimentally derived IR carbonyl stretching
frequencies (vc—o) of meta- and para-substituted acetophenone
derivatives to the Hammett value om and ap, respectively. Addi-
tionally, Seybold and coworkers?' demonstrated that a linear cor-

relation exists between o, and the computationally derived NBO
charges of the carboxylic acid group in meta- and para-substituted
benzoic acids.

Consistent with these observations, analyzing the parameters
for the 47 para-substituted benzoic acids, we have determined
linear relationships between the IR carbonyl stretching frequency
(vc=0) and the Hammett value (o) (Figure 3a) as well as the NBO
charge of the benzoic acid moiety (NBO-o) to o, (Figure 3b).
These correlations indicate that ve—o and NBO—-p can be used as
computed alternatives to o,. This compelling result extends the
correlations that Jones and Seybold initially reported and elimi-
nates the dependence on experimental parameters. In contrast,
ortho-substituted benzoic acid vc=o and NBO-q descriptors gave
only qualitative trends with o,,. These unsurprising results support
the long held understanding that the electronic effects exerted by
para-substitution are not equivalent to those observed for ortho-
substitution presumably due to additional effects resulting from
the proximity of the ortho-substituent to the reaction site (vide
supra).

a) Relationship of carbonyl stretching frequency (vc=c) to Hammett value (o))

1890+ 1890+

y =14.72x + 1845 y =24.20x + 1842
R*=0.92 R*=0.68
n=47 n=47 =
__ 18704 __ 18704 _'._ _'
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218504 —" o 18504 .
g af= (o} Q -
2 e I P
S L 2
18301 OH 1830 =t
-
X
1810 T T T T 1 1810 T T T T 1
-1.0 -0.5 0.0 0.5 1.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Tp Tp

b) Relationship of carbonyl oxygen NBO (NBO-¢) to Hammett value (o)
-0.55+ -0.55+

y =0.020x - 0.60 y =0.023x - 0.60
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057 "=4T a7 "E4 . v
- ., .
- o Nl
[=] .__ll"- Q .:
o -0.59 p¥®s g 0599 . . .
@ ¥ o8 @ ittt 08
,,-n' -
-0.61 i OH 081{ | . OH
.
o X X
-0.63 . . . . ) -0.63 . . :
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o o

Figure 3. Comparison between para- and ortho-substituted ben-
zoic acids through Hammett value (op) correlations with a) car-
bony! stretching frequency (vc=o) and b) carbonyl oxygen NBO
(NBO-p).

Multivariate Parameter Analysis. On the basis of the poor
correlation of ortho-substituents to various single parameters, we
employed a multivariate linear regression strategy*****?2 of relat-
ing physical organic descriptors to reaction outcomes. As the first
case study, we examined the enantioselective Pd-catalyzed redox-
relay Heck reaction reported by our lab (Table 1).* We selected
this reaction due to familiarity, ability to evaluate an expanded
scope, and more importantly, its wide range of observed site se-
lectivity (at which site the aryl group is delivered to the alkene).
This Pd-catalyzed reaction between arylboronic acids and cis-
hexenol produces constitutional isomers of remotely functional-
ized, arylated carbonyl products. The site of migratory insertion is
highly sensitive to electronic modifications on the aryl ring of the
boronic acid leading to formation of y and {8 products. In our ear-
lier studies such electronic effects were quantitatively correlated
using Hammett o values but only for meta- and para-substituents
with electron-withdrawing substituents resulting in enhanced y/f3
site selectivity. Importantly, while not used in this correlation, the

2
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reaction was determined to be compatible with ortho-substituted
arylboronic acids.

Table 1. Scope of arylboronic acids in redox-relay Heck reaction.

a) Pd-catalyzed redox-relay Heck reaction

Pd(CH3CN)»(OTs), (6.0 mol %) o
Cu(OTH), (6.0 mol %) >y W

PyrOx (13 mol %)

Ar—B(OH), /= OH

+
3 AMS, DMF Ar
(3.0 equiv) O, (balloon), rt, 24 h s o]
o) B /
ro~_ <)
=N [\
PyrOx (L
b) ortho-substituted arylboronic acids
B(OH), B(OH B(OH),
/B 4.5:1 30:1 100:1 65:1
(AAGY) (0.88) (2.00) (2.73) (2.47)
OH), B(OH), B(OH), B(OH),
©/ Me ©/0Me ©// Pr ©/Ph
/B 30:1 4.5:1 24:1 46:1
(AAGTF) (2.01) (0.89) (1.88) (2.27)
¢) meta-substituted arylboronic acids
B(OH B(OH), B(OH),
a i i SO,Me i OMe
/B 49:1 43:1 5.1:1
(AAGY) (2.31) (2.23) (0.97)
d) para-substituted arylboronic acids
B(OH), B(OH), B(OH),
CO,Me COMe
/B 19:1 16:1 10 1
(AAGY) (1.74) (1.64) (1.36)
B(OH), B(OH), B(OH),
OMe t-Bu
/B 7.3.1 2.1:1 3.3:1
(AAGH) (1.18) (0.44) 0.71)

Reaction was run at 0.5 mmol scale of 2. Product ratios (y/B) were determined by
GC/MS. The site selectivity data for meta- and para-substituted arylboronic acids were
obtained from Mei et al.'® AAG* was reported in kcal/mol.

Therefore, to study the effect of varying the substituents at the
ortho-position of the arylboronic acid in the redox-relay Heck
reaction, several additional ortho-substituted arylboronic acids
were subjected to the same reaction conditions. These new exam-
ples were designed with the intention to distribute o, and Sterimol
B, (Figure 4). Sterimol values'*® describe the size of a substituent
using three different measurements: 1) L, the length measured
along the axis of the bond between the substituent and the parent
molecule, 2) By, the minimal radius measured perpendicular to the
bond axis used to measure L, and 3) Bs, the maximal radius meas-
ured perpendicular to the same bond axis.’®® The considerations
taken into account when selecting the set of ortho-substituted
arylboronic acids were: 1) covering a wide range of electronic and
steric features to better represent the reaction tolerance to substit-
uent variation, 2) spreading the data evenly across the chosen
chemical space for statistical purposes, and 3) creating a diverse
set with practical utility, while keeping it synthetically viable, by
selecting common functional groups.?

Journal of the American Chemical Society

IR frequency (v) and intensity( ) Sterimol By, Bs, and L

J

?
,a JJ./' aa 44

* = | [ & > 9 9,
¥ 9 5 >
Ve=0 VcoH
Range of o, Range of Sterimol B
06 25
0.4 20
0.2 1.5
& o
0.0 1.0
0.2 0.5
0.4 0.0
&0 O I T L R & ‘,@ A s

Figure 4. Parameters used to assess the spread of steric and elec-
tronic effects from ortho-substituents in benzoic acids.

The results of these new examples are depicted in Table 1b and
in general, correlate well with the trend observed when using
meta- and para-substituted arylboronic acids; electron-
withdrawing groups resulted in higher y/ site selectivity. Surpris-
ingly, ortho-fluorophenylboronic acid (Table 1b) and ortho-
chlorophenylboronic acid resulted in significantly higher y/f site
selectivity in comparison to their para counterparts. This suggests
that an inductive field effect might be contributing to the observed
selectivity, since the ortho-substituent is closer to the reaction site.
As the aryl group becomes more electron-poor, palladium be-
comes inclined to migrate to the (3 carbon, as it is more electro-
negative than the y carbon on the basis of NBO charge calcula-
tions of the transition states.?*

Fujita-Nishioka ortho-meta-para linear regression model

AAGF=1.89 + 0.190, - 0.31E; + 0.13F
3.5

_ y = 0.53x + 0.89 )

"—E 3.04 R:=n.53 . 2.CF, Assumption: 6, = o,

< sl Q?=0.01

£ o] X=<10

.g 2.09 o

3 1.5 . " OH OH

k-] L]

3

B 1.04

T

£ 054 Taft-Kutter-Hansch  Swain-Lupton-Hansch
0.0 (TKH Ej) Field effect (F)

0.0 05 10 15 20 25 30 3.5
Measured AAG (keal mol ™)

Figure 5. Multivariate linear regression model of ortho-
substituted arylboronic acids based on the Fujita-Nishioka equa-
tion.

As a first step toward identifying the origin of the site selectivi-
ty trends observed for this data set and developing general ortho
descriptors, we assessed a regression model using the parameters
disclosed by Fujita and coworkers.? The ratios of y/p site selectiv-
ity from the redox-relay Heck reaction of ortho-substituted aryl-
boronic acids were used to calculate the measured AAG*. The
resulting correlation of the predicted versus the measured site
selectivity is fair as quantified by the slope of 0.53 and the low Q?
value (Figure 5). One of the outliers in the Fujita-Nishioka model
is the ortho-trifluoromethyl group, which was also found to be an
outlier in a previous report.™* The inability of the Fujita-Nishioka
descriptors to model all ortho-substituents prompted us to evalu-
ate other parameters that more effectively describe the ortho ef-
fect.

As a preliminary step to identify additional parameters that can
describe the ortho effect, all monochloro-substituted benzoic ac-
ids were analyzed (Figure 6). Torsion angle measurements in
geometry-optimized conformations of meta- and para-

3
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chlorobenzoic acids show that the carbonyl group was unsurpris-
ingly planar to the aryl ring, due to the stabilization afforded by
extended conjugation. Furthermore, since the meta- and para-
substitutions are distal from the carboxylic acid group, the effects
at these positions are likely only electronic in nature. In contrast,
the carbonyl group in ortho-chlorobenzoic acid is twisted out of
plane from the aryl ring, with a torsion angle of 26° due to steric
effects between the ortho-chloro substituent and the carbonyl
group. Furthermore, pK, values®® of substituted benzoic acids
show a trend of pKapara) > PKameta) > PKagortno), SUppOrting the
assertion that inductive effects, due to proximity, also play a ma-
jor role in acidity determination.

(0]
Cl Cl
Cl
2 ’ o 2 2
‘00 b | pa P 0o 3
o e o P00 e %, 4 e
@ >, 29 0®
I s 2 s 0
torsion angle(0y.,) 0° 0° 26°
c 0.23 0.37 N/A
K, 3.99 3.83 2.94
para and meta ortho
 purely electronic effect o sterically hindered
 greater inductive effect
> -
“ =] 9 ’:‘_S_e_lor
9 ‘.‘
»9 @
9 \ . carbonyl group is
> 9 pushed out of plane

Figure 6. Comparison of steric and electronic effects between
ortho-, meta-, and para-substitutions in benzoic acids. *pK, values
were obtained from Jencks and Regenstein’s compilation.?®

With various steric and electronic parameters in hand (see Ta-
bles S1 to S6 in Sl), we set out to develop a mathematical model
correlating the results of the redox-relay Heck reaction. After
stepwise linear regression, to determine which parameters con-
tributed to the site selectivity of the reaction, a significant correla-
tion was revealed using Sterimol Lo, vc-0,, and o, (Figure 7a).
Concerning L,, it is reasonable to consider that the length of the
substituent at the ortho-position, could be impacting the selectivi-
ty in the proposed transition state. This can be better visualized
using the proposed transition state of this reaction on the basis of
DFT calculations performed by Wiest et al (Figure 7c).?* A longer
ortho-substituent, in terms of Sterimol L, could presumably orient
the alkenol in a similar fashion as TSy to minimize steric interac-
tions between the alcohol moiety and the ortho-substituent. This
will then lead the palladium to migrate to the  position resulting
in increased y product. In terms of electronic effects, the carbonyl
stretching frequency, which presumably reflects the disruption of
conjugation due the steric effect at the ortho position, serves as an
electronic correction to oy,

a) b)
A4G* = 1.89 + 1015, + 0.28L, - 0.72v¢ag o A4G* = 1.89 + 0.97NBO. o, + 0.27L, - 0.6515.0,0
_ 351 y=osex+0078 _ 351 y=osex+o007
% 304 RI=096 S 30{ RP=096
E Q*=0.82 E Q=079 -
7 25 . 5 251 i
£ . s -
5 20 L 5 20 o
ERE: ’ 2 15
g . 3
s 1.0 3 % 1.01 5
g . 5 .
2 05 2 0.5
o -

0.0 T T T T T T 1
00 05 10 15 20 25 30 35
Measured AAGY (keal mol™)

0.0 T T T T T T J
00 05 10 15 20 25 30 35
Measured AAG? (kcal mol™)

c) Proposed transition state structures (JACS, 2014)

OH

Y,

TS,
B
+ y-product is more favorable with ortho-substitution

Figure 7. Multivariate linear regression model for ortho-
substituted arylboronic acids in redox-relay Heck reaction.

In order to view the ortho results in a broader context of the
product determining step(s) of this reaction, a comprehensive
model including ortho-, meta-, and para-substituted arenes was
desired. Therefore, a series of meta- and para-substituted aryl-
boronic acids (Tables 1c and 1d) previously reported by Mei et
al.®® were included in an extensive sample set. Using the same
equation as the ortho regression model, wherein parameters to
predict AAG* include Sterimol Ly, vc—o, and using o, = oy, for or-
tho-substituents, a good correlation was achieved for the compre-
hensive model (Figure 8a). The Sterimol L, is a steric parameter
accounting only for ortho-substitution, wherein a hydrogen atom
is accounted for in meta- and para-substituted arylboronic acids.
Additionally, in the ortho model as well as the comprehensive
model of the redox-relay Heck reaction, the o, and oy, can be easi-
ly replaced with computationally derived NBO charges on the
carbonyl oxygen of the corresponding benzoic acid (NBO-p)
(Figures 7b and 8b). This is more desirable since all of the predic-

tor variables in the multivariate linear regression model can be
a) b)
AAGT =1.63 + 0.975+ 0.27L, - 0.60vpop AAG" = 1.63 + 1.00NBO. + 0.26L, - 0.62vcog

357 y=-0.88x+0.20 el

R*=0.88
Q°=0.80

¥ =0.93x +0.11
R*=0.93
Q?=0.89 .

Fud
o
Fud
o

)
o
)
o

L)
o
"
",
[l
L)
o
-
-
"

-
o

]
-
o

-

-
o

Predicted AAGF (keal mol™)
u
Predicted AAG* (kcal mol!)
-
o
.
.
.
-

=
wn
.

=
wn

0.0 .0

—e e —————— 0.0 ——— e ————;
00 05 10 15 20 25 3.0 35 00 05 10 15 20 25 3.0 35
Measured AAG¥ (keal mol™) Measured AAG¥ (kcal mol™)

Figure 8. Comprehensive multivariate linear regression models
for ortho-, meta-, and para-substituted arylboronic acids in redox-
relay Heck reaction.

derived computationally, eliminating the dependence on empir-
ically obtained parameters, wherein some are not reported. In
other words, this modern variant of a Hammett plot, with easily
accessible parameters, now incorporates ortho-substituents.

Table 2. Scope of triarylmethanols in B-aryl elimination reac-
tion.
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a) Pd-catalyzed p-aryl elimination reaction )OI\
PA(OAC); (5 mol%) Ph” “Ph + Ph—Ar
Ph/)\A + Ph—Br  PPhs (25 mol%), Cs,CO4 or
Ph r o-xylene, reflux, 16 h i + Ph—Ph
Ph Ar
b) ortho-substituted triarylmethanols
OH Me OH OMe OH CI
°Ar/Ph 29:1 50:1 76:1 114:1
(AAGH) (1.99) (2.32) (2.57) (2.81)
¢) meta-substituted triarylmethano/s
OH
Ph F
Ph
2Ar/Ph 0.9:1 1.0:1 4.0:1
(8AGY) (-0.06) (0.00) (0.82)
d) para-substituted triary/methanols
OH
Ph
Ph
NMe, Me
aAr/Ph 3.0:1 1.2:1
(AAGH) (0 63) (0.65) (0.11)
OH
Ph
Ph
CF3
2Ar/Ph 3.5:1 2.6:1 3.0:1
(AAGH) (0.74) (0.57) (0.65)

Reaction was run at 0.5 mmol scale of 3. ?Product ratios (Ar/Ph) were determined by
GC/MS. The site selectivity data were obtained from Bour et al.'® AAG* was reported in
kcal/mol.

Case Study 2. To further test the validity of this approach, a
similar mathematical modeling strategy was applied to a Pd-
catalyzed B-aryl elimination reaction of triarylmethanols. This -
aryl elimination reaction was initially developed by Miura and
coworkers?® and was investigated mechanistically by Johnson and
coworkers (Table 2).*® In this reaction, ortho-substituted aryl
groups have a greater propensity to cleave the C-C,, bond com-
pared to the C—Cp, bond. As hypothesized by Johnson et al.’®, the
selective cleavage arising from ortho-substitution is presumably
due to the slight lengthening of the C—C,, bond as a result of min-
imizing the interaction of the ortho group with the phosphine
ligands and the additional phenyl rings. This facilitates the coor-
dination of the B-aryl group bearing ortho-substitution to the met-
al center, preceding B-aryl elimination. The AAGH for this reaction
is calculated based on the logarithmic value of the transfer ratio
between the two possible biphenyl ketone products (Ar/Ph). To
our delight, the multivariate linear regression model used in the
first case study: AAG' = aNBO-q, + BL, + yvc=o produced a sig-
nificant correlation in this system of various ortho-, meta-, and
para-substituted triarylmethanols (Figure 9a). In addition, an im-
proved model was identified using the same library of parameters
described above (Tables S1-S6 in SI). This model includes Ster-
imol B, ,, describing the size of the ortho-substituent, and IR C-
O-H bend frequency (vcon), representing the steric and electronic
perturbation of the ortho-substituent to the IR C-O-H bending
(Figure 9b). While multiple models can be revealed through these
multivariate linear regression techniques, interpretation is a main
criteria by which a model can be selected as well as statistical
evaluation. In all, the success of developing a site selectivity
model that accounts for each of these distinct Pd-catalyzed sys-
tems (redox-relay Heck and B-aryl elimination) supports our hy-
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pothesis that ortho-substitution does not need to be excluded from
Hammett-type analysis.

a) b)
AAG* = 1.06 + 0.66NBO_ + 0.58L, - 0.75v¢c.p AAG* = 1.06 +0.82B, , + 0.30vcon
357 y=osex+0.15 _ 351 y=o093x+0.08
% R?=0.86 S R?=0.93 L)
Ep5{ @'=071 .. E,5] Q=090 -
- -
9 1.59 2159
=1 <
S 05 L §051 w»,
H 8
E o
0.5 - - : l 0.5 T - . ,
-0.5 0.5 1.5 25 3.5 -0.5 0.5 1.5 25 3.5

Measured AAGH (keal mol™) Measured AAG? (kcal mol™)

Figure 9. Comprehensive multivariate linear regression model of
[B-aryl elimination reaction of ortho-, meta-, and para-substituted
triarylmethanols.

Remote steric analysis. To assess the applicability of this
mathematical modeling approach across a broad range of systems,
an enzyme-catalyzed reaction was selected as the third case study.
In particular, the Pseudomonas putida benzoylformate decarbox-
ylase-catalyzed enantioselective condensation reaction between
benzaldehydes and acetaldehyde yielding 2-(S)-
hydroxypropanone derivatives was analyzed due to the identifica-
tion of a significant effect on enantioselectivity as a function of
substitution pattern (Table 3).Y” For example, electron-donating
para-substituents resulted in an increase of enantioselectivity,
which according to Pohl and coworkers'™ can be attributed to the
stabilization achieved from edge-to-face interactions of the phenyl
moiety of the benzaldehyde substrate with the aromatic side chain
of benzoylformate decarboxylase residues Phe464 and Phe397
located in the active site. Additionally, as compared to the former
two case studies where steric effects at the ortho-position need to
be accounted for in determining reactivity, only one ortho-
substituted benzaldehyde was successfully employed as a sub-
strate for this reaction due to incompatibility of such substrates in
the reaction. Intriguingly, a good correlation between the enanti-
oselectivity of para-substituted benzaldehydes and o, was ob-
served, but no correlation of meta-substituted benzaldehydes with
the o, was observed (Figure 10a). This is presumably due to re-
mote steric contributions present at the meta-position in this bio-
logical system.!™

Table 3. Scope of meta-substituted benzaldehydes in the studied
enzymatic benzoin condensation.
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o H BFD, ThDP

£y g Ao

Ar H e} buffer pH 7.0 H

OH
0 o) o o)

H F Cl Br

SR 24:1 14:1 32:1 49:1
(AAGY) (1.88) (1.58) (2.06) (2.31)
o) o) o o)

OH OMe OEt Oi-Pr

SR 24:1 49:1 66:1 199:1
(AAGY) (1.88) (2.31) (2.48) (3.14)
o) o) o) o)

OPh OAc Me CN

S/R 199:1 199:1 66:1 24:1
(AAGY) (3.14) (3.14) (2.48) (1.88)

Reaction was run at 10 mmol/L concentration of 5. 2Enantioselectivity was determined
by chiral-phase HPLC. BFD = benzoylformate decarboxylase. ThDP = thiamine
diphosphate. The enantioselectivity data were obtained from Diinnwald et al.'” AAG*
was reported in kcal/mol.

As an example, for a series of meta-alkoxy substituents, the oy,
values remain similar while the enantioselectivity increases (Table
3). The enhancement in measured AAG* could be mainly attribut-
ed to the increase in size of alkoxy substituents (OH < OMe <
OEt < QOi-Pr). This result prompted application of the parameter
library previously described, wherein an improved model was
identified using the NBO charge of the para-substituted benzoic
acids (NBO-op), the IR carbonyl stretching frequency (vc=om)
and intensity (Ic=om) Of the meta-substituted benzoic acid (Figure
10b). Electronic contributions are reflected by the inclusion of
NBO-o,, and vc-o in the linear regression model while the com-
bination of steric and electronic effects at the meta position are
described by the IR carbonyl stretching vibration intensity, lc=om,
which represents the change in dipole moment during the vibra-
tion.

a) b)
AAG* = 2.36 - 0.46NBO g, + 0.22v5u0 m + 0.5Tcmg

061 . CN 357 y-0.96x+0.10
S R®=0.96 [
3.0
0.44 C LB »o0Ac E Q=092 .
- " 4 -
£
. F e Za2s -
& 0.24 <9 =
OH= =, olpr T zo0 e
OEt £ o
0.0+ eeeressen e s 2.5 .
. e
Me =
0.2 1.0 . . - . .
0.0 1.0 20 3.0 4.0 10 15 20 25 30 35

Measured AAGF (keal mal™) Measured AAG (kcal mol”)

Figure 10. a) Hammett linear free energy relationship. b) Multi-
variate linear regression model of enantioselectivities obtained
from various meta-substituted benzaldehydes.

CONCLUSION

In summary, a mathematical modeling approach has been suc-
cessfully applied in three unique case studies to now incorporate
proximal and remote steric effects in Hammett-type correlations.
Computationally derived parameters, carbonyl oxygen NBO
charge and the IR carbonyl stretching frequency of para-
substituted benzoic acids, were utilized as alternatives to Hammett

o values. Additionally, a table of values was established as a gen-
eralizable set of descriptors for ortho-, meta-, and para-
substituents in aryl rings. This new correlative tool allows for the
analysis of a much greater range of substituent effects and pro-
vides a strategy to identify proximal and remote steric effects in
aromatic systems. Further applications of this parameter library
and determination of aryl ring multi-substituent descriptors are
future goals in our laboratory.
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SYNOPSIS TOC.

0557y = 0.020x - 0.60

R?=10.96
n=47
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AAG* = aNBO-q , + Lo + Yuc=0
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