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ABSTRACT: Hoye reported intramolecular hexadehydro-Diels—Alder (HDDA)

reactions to generate arynes that functionalize natural product phenols and amines. Z Il
In their studies, Hoye found that unsymmetrical tetraynes selectively form a single 2 =
aryne. We report density functional theory (DFT) calculations that reveal the factors =
controlling the regioselectivity. N NI
I\I/Is M
Bl INTRODUCTION Scheme 1. HDDA Cascade with Vitamin E Trapping
The cycloaddition of an alkyne to a diyne to form a benzyne was >
first discovered by the groups of Johnson and Ueda =z OLR P I
independently in 1997."* This reaction was studied extensively e Yo 85°C
and named the hexadehydro-Diels—Alder (HDDA) reaction in N

2012 by Hoye and co-workers.” They established the Ms
intermediacy of benzynes and demonstrated the versatility of
HDDA reactions. Through computational studies, our group
showed that the regioselectivity of nucleophilic additions to
arynes is determined by the distortion energies in the transition
state. The benzyne carbon with a larger angle is more

electrophilic due to smaller aryne distortion to achieve the Vitamin E
transition state.”’> Here we explore the regioselectivity that Trap

occurs earlier along the reaction path and determine which
intermediate aryne is formed by the HDDA. Recently, Hoye has
shown that HDDA cascades can be used to synthesize
functionalized polycyclic aromatics via benzynes.® "

Our interest in this field was most recently aroused by Hoye
and co-workers, who reported that many different natural
products could be functionalized by arynes generated by B COMPUTATIONAL METHODS
HDDA.'*"” The studies demonstrated that despite their high
reactivities, benzyne intermediates are able to chemoselectively

We were intrigued by the origins of this selectivity and report
here a computational study on the HDDA reaction of 1.

Calculations were performed with Gaussian 16'° on structures
optimized at the (U)M06-2X/6-311+G(d,p) level of density functional

react with natural products. Scheme 1 demonstrates one of the theory (DFT).2*' A model intramolecular HDDA reaction was used
experiments involving Vitamin E trapping. Tetrayne 1 under- to benchmark (U)M06-2X/6-311+G(d,p) with other methods
goes intramolecular HDDA reaction to form benzyne including (U)B3LYP/6-311+G(d,p) and (U)wB97XD/6-311+G(d,p)
intermediate 2. The unsymmetrical benzyne then adds to the (Figure S2 and Table S1). All three levels of theory predict the same
ortho positions of Vitamin E to form the ene products at 82% stepwise mechanism.

yield. Comparable yields were noted in cases where other natural
products such as estradiol, sinomenine, tropinone, and limonene

B RESULTS AND DISCUSSION

were used. Previous studies have shown that HDDA reactions occur

A common motif found in those trapping reactions involves through a stepwise mechanism via diradical intermediates.”* ¢
the regioselective intramolecular HDDA of the unsymmetrical We first investigated the intermediates leading to each of the
tetrayne 1 into benzyne 2. While only products from a single four possible products (Figure 2). Formation of benzynes 2 and
benzyne were observed experimentally, there are four possible 3 both involve intermediate 6. Intermediate 7 leads to benzyne
benzynes that could have been produced by HDDA reaction of 1 4, and 8 leads to benzyne S. Since 7 and 8 are less stable than 6

(Figure 1). The potential of forming a cyclobutadiene via bonds by 35.9 and 41.7 kcal/mol, respectively, we did not consider

1-1" and 2—-2’ is not likely due to high product instability

(Figure S1), although Hoye et al. postulated benzyne cyclo- Received: November 18, 2018
butadienes in a different HDDA study."® Published: January 23, 2019
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Figure 1. Possible products from the intramolecular HDDA of an
unsymmetrical tetrayne. Bonds formed in the reaction are highlighted
in red.

s =\ =~
=
v = Ms
6 7 8
AG° =227 AG° =58.6 AG° =64.4

Figure 2. Intermediates formed in the first step of the stepwise HDDA
reaction. Structures are optimized at the (U)M06-2X/6-311+G(d,p)
level of theory. All energies are in kcal/mol.

them further, and there is no evidence that benzynes 4 and S are
formed. The much lower free energy of 6 than 7 and 8 is due to
both (1) the additional propynyl stabilization in 6°*% and (2)
the large triple-bond strain present in the aza-cycloheptynes, 7
and 8.

To evaluate the effect of having one propynyl group stabilize
the vinyl radical center vs conjugating to the vinyl 7 system, we
compared two bimolecular HDDA reactions illustrated in Figure
3. Figure 3a mimics the double propynyl stabilization of
intermediate 6, while Figure 3b simulates the propynyl—vinyl
conjugation in intermediates 7 and 8. Propynyl group
stabilization of the radical decreases the free energy by 12.6
kcal/mol. The same energy difference should apply to
intermediates 6, 7, and 8 in the original intramolecular HDDA
reaction, partially accounting for the relative instability of 7 and
8 compared to 6.

Moreover, 7 and 8 both contain strained aza-cycloheptynes.”
We evaluated the strain of aza-cycloheptynes in Figure 4, where
7' and 8’ are truncated fragments of 7 and 8, respectively,
preserving the highlighted alkyne angles. Alkyne bending
accounts for about 35 kcal/mol higher electronic energy in 7
or 8 than in 6.

Of greater subtlety is what differentiates formation of 2 and 3.
Both could be formed via diradical intermediate 6, as shown in
Figure S, with the corresponding (U)M06-2X/6-311+G(d,p)
optimized structures illustrated in Figure 6. The transition
structures for the concerted mechanisms were included as
reference. Calculated energy barriers agree with previous
literature and provide additional support for stepwise mecha-
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Figure 3. Model bimolecular HDDA reactions and the effect of
propynyl stabilization. Structures are optimized at the (U)M06-2X/6-
311+G(d,p) level of theory. All energies are in kcal/mol and distances
in Angstroms.
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Figure 4. Triple-bond strain in model dimethylbutadiynes. Structures
are optimized at the (U)M06-2X/6-311+G(d,p) level of theory. All
energies are in kcal/mol. All angles are in degrees.

nism over concerted. In both pathways leading to 2 and 3 via the
stepwise mechanism, the first step is rate-determining.

The activation barrier of the second step to form 2 is 4.3 kcal/
mol. To form product 3, the barrier is 6.6 keal/mol (Figure ).
Benzyne angles in 2 and 3 are labeled in Figure 6. The carbons
with larger angles are the sites of nucleophilic attack on the
benzynes (e.g., Scheme 1) as described in our previous work. ">’

The difference in energy barrier is related to the difference in
product stability: 3 is less stable than 2 by 3.4 kcal/mol

DOI: 10.1021/acs.joc.8b02865
J. Org. Chem. 2019, 84, 1959-1963


http://dx.doi.org/10.1021/acs.joc.8b02865

The Journal of Organic Chemistry
(\,:/

N
Ms” \\ // concerted

A —= TS1-2
= 371
1 @ —
N—t .~ 36.4
4
M /= = e ," \‘\\
S o . s
4 e LY
4 kd A
TS1-6 33.5 o 72 RN
' S o4 " \\ // ‘:\
. o, S 3
,' S B N - X X,
k s e \ N
A N
) 'l‘, Ms
N e s, concerted
.
: R TS1-3
' . .
. &" ~~
l' ",' A .’
. .
1 PR A e "
G ' ) s g2
: ",'/ £ 227 .t
. e’
l' —
S “z:{ =
: "‘il% =
’ "'
NN\ —
0.00 «~* Ms =
6
Z N o\
4 — Ms \
/
Z 3
N
Ms

1
Figure 5. Concerted and stepwise mechanisms of HDDA reactions forming product 2 (observed) and product 3 in one free energy diagram. Energies

are calculated at the (U)M06-2X/6-311+G(d,p) level of theory and are reported in kcal/mol.
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Figure 6. Optimized reactant, intermediate, transition state, and product structures for the concerted and stepwise mechanisms of HDDA reactions

forming products 2 and 3. Structures are optimized at the (U)M06-2X/6-311+G(d,p) level of theory. All distances are in Angstroms. Benzyne angles

are included for the product structures.
3 between the mesyl and the propynyl groups, accounting for the
3.4 kcal/mol difference in energy.

Replacement of the mesyl group with a hydrogen leads to a
negligible difference in free energy (0.2 kcal/mol). Similarly, in
Figure 7c, the propynyl groups were also removed for reference,

and the resulting products differ by only 1.0 kcal/mol. These
DOI: 10.1021/acs.joc.8b02865

model calculations indicate that 2 has less steric hindrance than
1961
J. Org. Chem. 2019, 84, 1959—1963

B CONCLUSIONS
The rate-determining step of the HDDA reaction of tetrayne 1

leads to benzyne 2 among four possible products via a stepwise


http://dx.doi.org/10.1021/acs.joc.8b02865

The Journal of Organic Chemistry

143 (
= )

}!: ) AAG° =0
: (observed)

&

AAG° =34
3 13

AAG° =0.2

AAG® =-1.0
14

Figure 7. Model calculation to estimate steric interactions between the
mesyl and the propynyl groups. Structures are optimized at the
(U)M06-2X/6-311+G(d,p) level of theory. All energies are in kcal/

mol; distances are in Angstroms.

mechanism. The intermediate 6 is much more stable than
strained cycloheptyne alternatives, due to less ring strain and
greater propynyl stabilization. The second step proceeds via the
sterically less crowded transition state geometry.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.8b02865.

Computational methods used; energetics of cyclo-
butadiene formation from 1; comparison of 3 functionals
for reaction of a model triyne; Cartesian coordinates of all
computed species; references to methods and programs
(PDF)

B AUTHOR INFORMATION

Corresponding Author
*houk@chem.ucla.edu

ORCID
K. N. Houk: 0000-0002-8387-5261

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support was provided by the National Science
Foundation (CHE_1764328). Computational resources from
UCLA Institute for Digital Research and Education and from
the National Science Foundation through XSEDE resources
provided by the XSEDE Science Gateways program are
gratefully acknowledged. This work used computational and
storage services associated with the Hoffman2 Shared Cluster
provided by the UCLA Institute for Digital Research and
Education’s Research Technology Group.

B REFERENCES

(1) Bradley, A. Z.; Johnson, R. P. Thernolysis of 1,3,8-Nonatriyne:
Evidence for Intramolecular [2 + 4] Cycloaromatization to a Benzyne
Intermediate. J. Am. Chem. Soc. 1997, 119, 9917—9918.

(2) Miyawaki, K.; Suzuki, R.; Kawano, T.; Ueda, L. Cycloaromatization
of a Non-Conjugated Polyenyne System: Synthesis of SH-benzo[d]-

1962

fluoreno[3,2-b]pyrans via Diradicals Generated from 1-[2-{4-(2-
alkoxymethylphenyl)butan-1,3-diynyl} Jphenylpentan-2,4-diyn-1-ols
and Trapping Evidence for the 1,2-didehydrobenzene Diradical.
Tetrahedron Lett. 1997, 38, 3943—3946.

(3) Hoye, T. R;; Baire, B.; Niu, D.; Willoughby, P. H.; Woods, B. P.
The Hexadehydro-Diels-Alder Reaction. Nature 2012, 490, 208—212.

(4) Cheong, P. H. Y,; Paton, R. S.; Bronner, S. M.; Im, G.-Y. J.; Garg,
N. K;; Houk, K. N. Indolyne and Aryne Distortions and Nucleophilic
Regioselectivities. J. Am. Chem. Soc. 2010, 132, 1267—1269.

(5) Medina, J. M.; Mackey, J. L.; Garg, N. K; Houk, K. N. The Role of
Aryne Distortions, Steric Effects, and Charges in Regioselectivities of
Aryne Reactions. J. Am. Chem. Soc. 2014, 136, 15798—15805.

(6) Knight, D. W.; Qing, X. A Synthesis of a-tocopherol Featuring
Benzyne Trapping by an Alcohol. Tetrahedron Lett. 2009, 50, 3534—
3537.

(7) Im, G.-Y.].; Bronner, S. M; Goetz, A. E.; Paton, R. S.; Cheong, P.
H. Y,; Houk, K. N, Garg, N. K. Indolyne Experimental and
Computational Studies: Synthetic Applications and Origins of
Selectivities of Nucleophilic Additions. J. Am. Chem. Soc. 2010, 132,
17933—17944.

(8) Yun, S.Y.; Wang, K.-P.; Lee, N.-K.; Mamidipalli, P.; Lee, D. Alkane
C-H Insertion by Aryne Intermediates with a Silver Catalyst. J. Am.
Chem. Soc. 2013, 135, 4668—4671.

(9) Niu, D.; Willoughby, P. H.; Woods, B. P.; Baire, B.; Hoye, T. R.
Synthesis of Complex Benzenoids via the Intermediate Generation of o-
Benzynes through the hexadehydro-Diels-Alder Reaction. Nat. Protoc.
2013, 8, 501—508.

(10) Niu, D.; Hoye, T. R. The Aromatic Ene Reaction. Nat. Chem.
2014, 6, 34—40.

(11) Willoughby, P. H.; Niu, D.; Wang, T.; Haj, M. K.; Cramer, C.J.;
Hoye, T. R. Mechanism of the Reactions of Alcohols with o-Benzynes. J.
Am. Chem. Soc. 2014, 136, 13657—13665.

(12) Pogula, V. D.; Wang, T.; Hoye, T. R. Intramolecular [4 + 2]
Trapping of a Hexadehydro-Diels-Alder (HDDA) Benzyne by
Tethered Arenes. Org. Lett. 20185, 17, 856—859.

(13) Karmakar, R;; Ghorai, S.; Xia, Y.; Lee, D. Synthesis of Phenolic
Compounds by Trapping Arynes with a Hydroxy Surrogate. Molecules
2015, 20, 15862—15880.

(14) Chen, J,; Palani, V.; Hoye, T. R. Reactions of HDDA-Derived
Benzynes with Sulfides: Mechanism, Modes, and Three-Component
Reactions. J. Am. Chem. Soc. 2016, 138, 4318—4321.

(15) Xu, F; Xiao, X.; Hoye, T. R. Photochemical Hexadehydro-Diels-
Alder Reaction. . Am. Chem. Soc. 2017, 139, 8400—8403.

(16) Zhang, J.; Niu, D.; Brinker, V. A.; Hoye, T. R. The Phenol-Ene
Reaction: Biaryl Synthesis via Trapping Reactions between HDDA-
Generated Benzynes and Phenolics. Org. Lett. 2016, 18, S596—5599.

(17) Ross, S. P.; Hoye, T. R. Reactions of Hexadehydro-Diels-Alder
Benzynes with Structurally Complex Multifunctional Natural Products.
Nat. Chem. 2017, 9, 523—530.

(18) Xiao, X.; Woods, B. P.; Xiu, W.; Hoye, T. R. Benzocyclobuta-
dienes: An Unusual Mode of Access Reveals Unusual Modes of
Reactivity. Angew. Chem., Int. Ed. 2018, 57, 9901.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A. V.; Bloino, J;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini, F.;
Egidi, F.; Goings, ].; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe,
D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada,
M.,; Ehara, M,; Toyota, K; Fukuda, R,; Hasegawa, J; Ishida, M,;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell,
K.; Montgomery, J. A, Jr; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J;
Heyd, J.J.; Brothers, E. N.; Kudin, K. N.; Staroverov, V. N,; Keith, T. A,;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J.
C.; Iyengar, S. S;; Tomasi, J.; Cossi, M.; Millam, J. M,; Klene, M,;
Adamo, C.; Cammi, R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K;
Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian 2016; Gaussian, 2016.

(20) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics, Non-

DOI: 10.1021/acs.joc.8b02865
J. Org. Chem. 2019, 84, 1959-1963


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.8b02865
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.8b02865/suppl_file/jo8b02865_si_001.pdf
mailto:houk@chem.ucla.edu
http://orcid.org/0000-0002-8387-5261
http://dx.doi.org/10.1021/acs.joc.8b02865

The Journal of Organic Chemistry

covalent Interactions, Excited States, and Transition Elements: Two
New Functioanls and Systematic Testing of Four M06-Class Func-
tionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215—
241.

(21) Zhao, Y.; Truhlar, D. G. Density Functionals with Broad
Applicability in Chemistry. Acc. Chem. Res. 2008, 41, 157—167.

(22) Ajaz, A; Bradley, A. Z.; Burrell, R. C; Li, W. H. H,; Daoust, K. J;
Bovee, L. B.; DiRico, K. J; Johnson, R. P. Concerted vs Stepwise
Mechanisms in Dehydro-Diels-Alder Reactions. J. Org. Chem. 2011, 76,
9320-9328.

(23) Liang, Y; Hong, X; Yu, P,; Houk, K. N. Why Alkynyl
Substituents Dramatically Accelerate Hexadehydro-Diels-Alder
(HDDA) Reactions: Stepwise Mechanisms of HDDA Cycloadditions.
Org. Lett. 2014, 16, 5702—5708.

(24) Marell, D. J.; Furan, L. R;; Woods, B. P.; Lei, X.; Bendelsmith, A.
J; Cramer, C. J; Hoye, T. R; Kuwata, K. T. Mechanism of the
Intramolecular Hexadehydro-Diels-Alder Reaction. J. Org. Chem. 2018,
80, 11744—11754.

(25) Wang, T.; Niu, D.; Hoye, T. R. The Hexadehydro-Diels-Alder
Cycloisomerization Reaction Proceeds by a Stepwise Mechanism. J.
Am. Chem. Soc. 2016, 138, 7832—7835.

(26) Yu, P; Yang, Z.; Liang, Y.; Hong, X,; Li, Y,; Houk, K. N.
Distortion-Controlled Reactivity and Molecular Dynamics of Dehydro-
Diels-Alder Reactions. J. Am. Chem. Soc. 2016, 138, 8247—8252.

(27) Miller, J. A.; Klippenstein, S. J.; Georgievskii, Y.; Harding, L. B.;
Allen, W. D.; Simmonett, A. C. Reactions between Resonance-
Stabilized Radicals: Propargyl + Allyl. J. Phys. Chem. A 2010, 114,
4881—4890

(28) Nefedov, V. D.; Sinotova, E. N.; Lebedev, V. P. Vinyl Cations.
Russ. Chem. Rev. 1992, 61, 283—296.

(29) Dommerholt, J.; Rutjes, F. P. J. T.; van Delft, F. L. Strain-
Promoted 1,3-Dipolar Cycloaddition of Cycloakynes and Organic
Azides. Top Curr. Chem. (Z) 2016, 374, 16.

1963

DOI: 10.1021/acs.joc.8b02865
J. Org. Chem. 2019, 84, 1959-1963


http://dx.doi.org/10.1021/acs.joc.8b02865

