O, F, or Cl)) is responsible for the conformational pre:ference:.349'352 Other
stereoelectronic effects have been reported to govern the conformational preference as
well, including n(C=0) — o*(B—X), n(X) — n*(C=0), and o(B-X) — n*(C=0).>* It is
not within the scope of this dissertation to address the factors that govern the
conformational preferences between the various adducts. Only the lowest energy

adducts are of interest and are shown by Figure 5.3.

Table 5.2. Relative Energies between Each Adduct for All Substituted BF X Lewis Acids
Coordinated to 2-propenal.®

X Adduct 1 Adduct 2 Adduct 3 Adduct 4
-N,"° 0.0 3.5 3.7 0.0
-NO, NA® 0.0 2.1 NA®
-CN 0.6 0.0 1.8 0.5
-CF, NA® 2.3 2.3 0.0
-CO,H NA® 33 4.5 0.0
-F¢ 0.0 - 0.4 -
-H 0.0 14 0.4 NA®
-CH,CHj, 0.0 2.7 0.3 NA®
-CH,4 0.0 24 0.1 NA®
-OCH, 0.0 3.0 4.3 0.1
-OH 0.0 NA° NA® 0.2
-NH, NA® NA° 0.0 NA®

a

b

All values are in kcal/mol.

The lowest energy adduct forms a planar sp2 boron center with each fluorine synperiplanar and
antiperiplanar to the uncomplexed oxygen lone pair, as shown by Figure 5.3, possessing characteristics
of Adduct 1 and Adduct 4, and thus is considered in both columns.

After exhaustive searches, a local minimum could not be found or the saddle point corresponds to a first
order transition state.

Adduct 1 and Adduct 2 are equivalent. Adduct 3 and Adduct 4 are equivalent.
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(1) -N,*

(2) -NO,
(3) -CN

(4) -CF,
(5) -CO,H
(6) -F

(7) -H

(8) -CH,CH,
(9) -CH,
(10) -OCH,
(11) -OH
(12) -NH,

Figure 5.4. Binding enthalpy between BF,X and 2-propenal vs. the Hammett substituent
constant, o,. All energies are in kcal/mol.

Eighteen stereoelectronic effects presumed to influence AH,o5 between the
dienophile and BF,X have been investigated and reported in Table 5.4. Unsurprisingly,
the principal FMO interaction responsible for the formation of the coordinate covalent
bond through donation from the carbonyl oxygen lone pair to the empty Zp orbital on
boron (n(O) — n*(B)) is orders of magnitude stronger than all other interactions (Table
5.4). However, n(O) — n*(B) does not explain AH,yg variation satisfactorily (Figure
5.5D; R* = 0.59). Thus, despite its strength, the traditional donor-acceptor interaction

does not correlate with the binding affinity of adduct formation.
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Table 5.4. Total Strength of Each Stereoelectronic Effect within Each Substituted Lewis Acid
Adduct.?

m(C=0) - o*(B-X) _ m(C=0) — o*(B-F)

-N,* NA® 20.28
-NO, 0.00 6.34
-CN 0.00 5.26
-CF; 2.63 2.25
-CO.H 2.75 2.66
-F 0.00 3.94
-H 0.98 2.04
-CH,CH; 0.00 2.75
-CH; 0.61 1.93
-OCH3; 0.08 0.12
-OH 0.79 0.76
-NH, 0.00 0.00
o(B-X) — 0*(B-0) o(B-F) — 0*(B-0)

-Ny* NA° 0.45
-NO, 3.44 1.40
-CN 3.12 2.44
-CF; 3.23 3.17
-CO,H 3.04 3.01

-F 2.75 5.51

-H 3.14 5.80
-CH,CH; 1.68 7.47
-CH; 1.63 6.69
-OCHg3 2.04 10.15
-OH 1.39 7.16
-NH, 0.38 0.45

n(0) — o*(B-X) n(O) — o*(B-F)

-N,* NA°® 7.67
-NO, 2.95 2.06
-CN 1.80 2.70
-CF; 0.07 412
-CO,H 0.00 4.44
-F 1.67 2.89
-H 0.40 1.99
-CH,CH; 0.28 0.37
-CH; 0.08 1.50
-OCH3; 0.00 0.00
-OH 0.11 0.93
-NH, 0.00 1.06
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Table 5.4. (continued).

n(0) — n*(B)

-N,* 466.0
-NO, 329.3
-CN 300.3
-CF,4 321.0
-CO,H 342.8
-F 236.9
-H 228.6
-CH,CHj 178.4
-CH,4 192.5
-OCHj 20.0
-OH 122.7
-NH, 2.1
o(B-0) — 0*(B-X) 0(B-0) — 0*(B—F)
-N,* NA® 0.37
-NO, 1.29 1.32
-CN 0.58 2.00
-CF,4 1.70 1.88
-CO,H 1.17 1.65
-F 1.06 3.04
-H 0.72 2.83
-CH,CHj 0.61 2.90
-CH, 0.52 3.00
-OCHj 0.16 0.79
-OH 0.56 2.40
-NH, NA? NA®
o(B-0) — ¢*(C-C)
-N,* 4.66
-NO, 8.09
-CN 8.98
-CF,4 9.36
-CO,H 9.16
-F 11.34
-H 11.57
-CH,CHj 14.60
-CH, 13.01
-OCHj 24.84
-OH 16.55
-NH, NA®
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density from the dienophile z-system to the antibonding orbitals between boron and its

substituents on the Lewis acid after the coordinate covalent bond formed.

0
-20
-40
-60
L L -80-"':"':"':"":
0 6 12 18 24 0 2 4 6 8
(A) m(C=0) — o*(B-Y) (B) n(O) — o*(B-Y)

‘ L 2
=20 .
-40
60 R=0.73
=80 ]
0 2 4 6 8 10 12 14 0 100 200 300 400 500
(C) o(B-Y) — o*(B-O) (D) n(0) — n*(B)

Figure 5.5. Binding enthalpy between BF,X and 2-propenal vs. the total strength of each
interaction (Table 5.4). The o(C-H) — o*(B-0), (B-O) — m*(C=0) and m(C=0) — ¢*(B-O)
interactions are omitted since their strengths are 0.0 kcal/mol for the majority of X (Table 5.4).
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Figure 5.6. Orbital overlap corresponding to one of the three possible 1(C=0) — o*(B—F)
stereoelectronic interactions within the BF; Lewis acid activated dienophile adduct. The strength
of this individual interaction is 1.97 kcal/mol.

In the next phase of the investigation, the origin and control of the n(C=0) —
o*(B-Y) (Y =F, F, and X) orbital interactions were investigated. Geminal interactions
between each of the three substituents coordinated to boron were found to be crucial to
the modulation of the n(C=0) — o*(B-Y) strength. The net effect is that geminal
interactions lower the o* orbitals of the Lewis acid substituents, ultimately leading to

efficient orbital overlap with the ©(C=0) of the dienophile.

Each antibonding orbital is modulated by the electronic tendencies (EWG or
EDG) of the other two geminal substituents. A systematic evaluation of exchanging X
with EDGs and EWGs reveals that the energy levels of the two o*(B—F) orbitals
decrease and increase, respectively, as compared to when X = H (neither EDG nor

EWGQG). For example, when X = NO, (e.g. an EWG) the average energy level of both
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o*(B—F) orbitals is 1.189 hartrees above the energy level of n(C=0). In contrast, when
X =NHj; (e.g. an EDG) the average energy level of both 6*(B—F) orbitals is 1.248
hartrees above the energy level of 1(C=0). Consequently, there is a lower energy gap
between 6*(B—F) and n(C=0) when X = NO, than when X = NH,, thus a stronger
1(C=0) — o*(B—F) interaction is observed for when X = NO,. Figure 5.7 displays the

relative energies of o*(B-F), as compared to n(C=0), when X = NO,, H, and NH,.

*(B-F)
w A
g 0.772 -
5‘1 o*(B-F)
E 0.687 ——
- *(B-
2 o*(B-F)
>
g 0.663 —
L
n(C=0) 1.189 1.213 1.248
0526 e
X NO, H NH,
cp 0.778 0.0 -0.660
n(C=0) — c*(B-F) 6.3 2.0 0.0
(kcal/mol)

Figure 5.7. Energy diagram comparing the relative average energies of both *(B-F) orbitals to
m(C=0) when X = NO,, H, and NH,. All energies are in hartrees and kcal/mol as indicated.
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the total strength of the three n(C=0) — ¢*(B-Y) interactions and the decrease in
AIngg (R2 =0.81, P-value = 1.6 x 10'4). Furthermore, as the computed interaction
becomes stronger, the 7(C=C) — n*(C=0) interaction strengthens (Figure 5.16; R* =
0.98), indicating that the n(C=0) — o*(B-Y) interaction facilitates dienophile =-
conjugation from n(C=C) to n*(C=0), lowering the energy of the dienophile LUMO,
and ultimately decreasing the activation barrier. The magnitude of the n(C=C) —
n*(C=0) interaction demonstrated by each BF,X activated dienophile is reported in
Table 5.4. As an illustration, the m-conjugation from n(C=C) to n*(C=0) when X =F is
shown by Figure 5.17.

When n(C=C) — n*(C=0) strengthens, A*Gaog decreases (Figure 5.18; R* =
0.83), further illustrating the intimate connection between dienophile n-conjugation,
initiated by 1(C=0) — ¢*(B-Y), and a lower activation barrier. The synergistic
movement of electron density initiated by the Lewis acid geminal interaction explains
the differences in A¢G29g and thus the rate enhancement of the Diels-Alder reaction. It is
natural to assume that as the 6*(B—Y) energy levels are lowered the empty 2p orbital of
boron will be lowered as well. The consequence of lowering the n*(B) orbital should
promote coordinate covalent bonding, where the traditional donor-acceptor
hyperconjugation should strengthen. This is indeed found, where n(C=0) — ¢*(B-Y)

correlates strongly with n(O) — n*(B) (Figure 5.19; R* = 0.95; P-value = 2.4 x 107).
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Table 5.5. Substituents, Hammett Constants, and Gibbs Free Activation Energies for the BF,X
Catalyzed Diels-Alder Reaction between 2-propenal and 1,3-butadiene.®

X 0p336’ 337 A*Geg
-N,* 1.910 NA®
-NO, 0.778 13.1
-CN 0.660 15.8
-CF; 0.540 18.6
-CO,H 0.450 19.2
-F 0.062 19.1
-H 0.000 20.1
-CH,CH3 -0.151 19.9
-CH3 -0.170 20.7
-OCH; -0.268 234
-OH -0.370 21.9
-NH, -0.660 28.5

@ All energies are in kcal/mol.
> After many attempts, a TS with X=N," was unable to be located.

(1) -NO,
(2) -CN

(3) -CF,

(4) -COH
(5) -F

(6) -H

(7) -CH,CH,
(8) -CH,

(9) -OCH,
(10) -OH
(11) -NH,

10 +—t—t+—-t—-rip—ip—tp—t—tpb—t——tti

m(C=0) — o*(B-Y)

Figure 5.15. Gibbs free activation energy, Aingg, for the BF,X catalyzed Diels-Alder reaction
between 1,3-butadiene and 2-propenal vs. the total strength of the three m(C=0) — ¢*(B-Y)
interactions (Y =X, Fand F). All values are in kcal/mol.
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(1) -NO,
(2) -CN
(3) -CF,4
(4) -CO,H
(5) -F

(6) -H

(7) 'CHzCH3
(8) -CH,
(9) -OCH,
(10) -OH
(11) -NH,

C) — m*(C=0)

m(C=

m(C=0) — o*(B-Y)

Figure 5.16. The strength of m(C=C) — m*(C=0) vs. the total strength of the three m(C=0) —
o*(B-Y) interactions (Y = X, F and F). All values are in kcal/mol.

J

L

Figure 5.17. Orbital overlap corresponding to the 1(C=0) — 11 *(C=0) stereoelectronic
interaction within the BF; Lewis acid activated dienophile adduct. The strength of this individual
interaction is 39.42 kcal/mol.
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. (1) -NO,
%0 m 11 (2) -CN
(3) -CF;
(4) -COH
(5) -F
(6) -H
(7) -CH,CH,
(8) -CH,
(9) -OCH,
(10) -OH
(11) -NH,

25 +

A*G,g

15 +

-

R2=0.83
10 $ } $ } $ } + $ + |
25 30 35 40 45 50

m(C=C) — m*(C=0)

Figure 5.18. Gibbs free activation energy, A*nga, for the BF,X catalyzed Diels-Alder reaction
between 1,3-butadiene and 2-propenal vs. the strength of m(C=C) — m*(C=0). All values are in
kcal/mol.

207



(1) -NO,

(2) -CN
(3) -CF,
(4) -CO,H
_ (5) -F
> (6) -H
o (7) -CH,CH,
P (8) -CH;
b (9) -OCH,
) (10) -OH
? (11) -NH,
Q
E

-1 ————t

0 50 100 150 200 250 300 350
n(O) — n*(N)

Figure 5.19. The total strength of the three (C=0) — ¢*(B-Y) interactions (Y = X, F and F)
within the BF,X activated 2-propenal vs. the strength of the main donor-acceptor interaction
necessary for the formation of the coordinate covalent bond, n(O) — n*(B). All values are in
kcal/mol.

5.7 Analysis of Four Additional Lewis Acids (BH3, BCl;, B(OH); and

B(CF3)s)

In order to extend the investigation beyond the specific case of each boron Lewis
acid possessing two 6*(B—F) orbitals, four additional Lewis acids have been
investigated (BHs, BCl;, B(OH)3, and B(CF3);), which do not possess o*(B—F) orbitals.
The total strength of the three n(C=0) — o*(B-X) (X =H, Cl, O, C) interactions
increases across the Lewis acid activated dienophiles, as OH < H < F < CI < CF3;, where

the magnitude is 0.0, 3.90, 3.94, 7.36 and 7.74 kcal/mol, respectively, in line with
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increasing 6, (-0.37 < 0.0 < 0.062 < 0.23 < 0.54). Consequently, A*Gos is expected to
decrease as OH > H > F > Cl > CF3, which is in fact the case, as predicted activation
barriers are A¥Gaog = 28.6,22.5,19.1, 13.5 and 11.9 kcal/mol, respectively (Figure 5.20;
R?=0.90). The data suggest that the 1(C=0) — ¢*(B—X) interactions govern the rate
enhancement of the Diels-Alder reaction with and without imposing the constraint of the

boron Lewis acid possessing two o*(B—F) orbitals.

o 1 2 3 4 5 6 7 8
m(C=0) — o*(B-Y)

Figure 5.20. Gibbs free activation energy, A*G,gs, for the BX; catalyzed Diels-Alder reaction
between 1,3-butadiene and 2-propenal vs. the total strength of the three m(C=0) — o*(B—X)
interactions (X= OH, H, F, CI, CF3). All values are in kcal/mol.
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5.8 Conclusions

In summary, the identified Lewis acid geminal interactions govern both the
binding affinity of adduct formation and the activation barrier of the Diels-Alder
reaction. The geminal interactions lower the 6*(B—Y) orbitals, promoting the transfer of
electron density from the carbonyl group of the dienophile. The donation from the
carbonyl group initiates m-conjugation across the dienophile, lowering the n*(C=C)
involved in the pericyclic process, and ultimately decreases the activation barrier. The
results are consistent with Fukui’s traditional FMO model, but provide a level of detail
that has not been reported previously. The presented quantitative connection between
geminal Lewis acid interactions and the modulation of the dienophile LUMO provides a
fundamental understanding of how the rates of common organic reactions are controlled

through coordinate covalent bond involvement.

It is discovered that B3LYP/6-31G(d) is a Pauling point, thus when the basis set
is improved, the predicted activation energies diverge from experiment.
B3LYP/6-31G(d) establishes a unique cancelation of errors, introduced by the
approximate exchange-correlation functional and the basis set truncation. As a result,
B3LYP/6-31G(d) yields a fortuitous result in excellent agreement with experiment.
MO06-2X predicted activation energies converge toward the experimental value, in
contrast to B3YLP; however, the converged value underestimates the barrier by ca. 2
kcal/mol. M06-2X in conjunction with the 6-311++G(3df,2p) basis set underestimates

the barrier by ca. 3 kcal/mol; however, the errors cancel when the differences in
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activation barriers are compared, and thus the relative differences are modeled

accurately.
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