J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Modular Mesoionics: Understanding and Controlling Regioselectivity
in 1,3-Dipolar Cycloadditions of Miinchnone Derivatives

Marie S. T. Morin,” Daniel J. St—Cyr,T’q[ Bruce A. Arndtsen,*" Elizabeth H. Krenske,***

and K. N. Houk*'

TDepartment of Chemistry, McGill University, 801 Sherbrooke Street West, Montréal, Quebec H3A 2K6, Canada
*School of Chemistry, The University of Melbourne, VIC 3010, Australia, and Australian Research Council Centre of Excellence for

Free Radical Chemistry and Biotechnology

¥School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, Queensland 4072, Australia
IDepartment of Chemistry and Biochemistry, University of California, Los Angeles, California 90095, United States

© Supporting Information

ABSTRACT: 1,3-Dipolar cycloadditions of mesoionic 1,3- Bn

dipoles (Miinchnones, imino-Miinchnones, and phospha- . A"\C{AR o

Miinchnones) with alkynes offer versatile, modular synthetic AT ON® a2 g E %

routes to pyrroles. Reactivity and regioselectivity differ XY = g =

markedly for different members of this series, and we report 0 =R Bn % -

here the first general rationale for differences in reactivity by (Z=CO,CNR,PRy) A _N_ a2 2%

means of a systematic investigation of 1,3-dipolar cyclo- \ ] &9 ] p——
additions involving electron-poor and electron-rich alkynes. R B Alkyne IP (eV)

Competition kinetic measurements indicate that Miinchnones

and phospha-Miinchnones are nucleophilic 1,3-dipoles that react most rapidly with electron-poor alkynes. However, the
regioselectivities of cycloadditions are found to undergo an inversion as a function of alkyne ionization potential. The exact point
at which this occurs is different for the two dipoles, allowing rational control of the pyrrole formed. The origins of these
reactivities and regioselectivities are examined computationally. Frontier molecular orbital predictions are found not to be
accurate for these reactions, but transition state calculations give correct predictions of reactivity and selectivity, the origins of
which can be analyzed using the distortion/interaction model of reactivity. Cycloadditions with electron-poor alkynes are shown
to favor the regioisomer that has either the most favorable TS interaction energy (Miinchnones or imino-Miinchnones) or the
smallest TS distortion energy (phospha-Miinchnones). Cycloadditions with more electron-rich aryl-substituted alkynes, on the
other hand, generally favor the regioisomer that has the smaller TS distortion energy. These insights delineate the synthetically
important distinctions between Miinchnones and phospha-Miinchnones: phospha-Miinchnones undergo highly regioselective
cycloadditions with electron-poor alkynes that do not react selectively with Miinchnones, and the reverse is true for

cycloadditions of Miinchnones with electron-rich alkynes.

B INTRODUCTION

1,3-Dipolar cycloadditions of Miinchnones (1,3-oxazolium-S-
oxides) (1), imino-Miinchnones (2), and phospha-Miinch-
nones (3) (also known as Montréalones) (Figure 1) with
alkynes provide convenient access to pyrroles. Despite sharing a
common azomethine ylide motif, these three classes of
mesoionic 1,3-dipoles display varied reactivities and regiose-
lectivities that were not previously systematized or explained."
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Figure 1. Mesoionic 1,3-dipoles: Miinchnones (1), imino-Miinch-
nones (2), and phospha-Miinchnones (3).
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In this paper, we report experimental and theoretical
investigations that delineate the differences in behavior between
the three classes of 1,3-dipoles in their cycloadditions with
alkynes. Our results provide a unifying picture of the factors
that control reactivity and selectivity in the cycloadditions of
mesoionic dipoles, which has predictive utility for regioselective
construction of pyrroles.

Miinchnone cycloaddition was first reported by Huisgen in
1964.> Upon treatment with alkynes, they undergo 1,3-dipolar
cycloaddition accompanied by CO, loss to form pyrroles.
Subsequent studies extended the scope of Miinchnone
cycloadditions to include many other dipolarophiles, providing
attractive routes to pyrrolines, imidazoles, imidazolines, and
other heterocycles.’” Miinchnones react most rapidly with
electron-poor dipolarophiles. This “T'ype I” Sustmann behavior
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suggests a predominant frontier molecular orbital (FMO)
interaction between HOMO (Miinchnone) and LUMO
(dipolarophile).* FMO calculations predict that the favored
regioisomer of cycloadduct should be the one where the
nucleophilic C4 carbon of the Miinchnone has bound to the
electrophilic terminus of the dipolarophile.’ However, the
regioselectivities of Miinchnone cycloadditions with alkynes are
often found to be poor. Whereas cycloaddltlons with
electronically biased dlpolarophlles such as imines,’ aldehydes,”
and phosphaalkenes® do give the predicted cycloadduct with
high selectivity (e.g., Scheme la and 1b), cycloadditions with

Scheme 1. Examples of Miinchnone Regioselectivity in
Cycloaddition Reactions
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polarized alkynes and alkenes® frequently lead to
mixtures of regioisomers (e.g, Scheme lc—e). A number of
attempts have been made to understand this selectivity”™'" and
have proposed explanations based on steric influences and
cycloaddition asynchronicity. However, it remains unclear why
Miinchnones do not show the same degree of selectivity in
their reactions with alkynes as they do in their reactions with
other electronically biased dipolarophiles.

For the purpose of controlling regioselectivity, substituent
effects at positions R' and R? in Miinchnones are not generally
useful, as they are frequently small and/or complicated by steric
effects. A better alternative would be to tune the group “Z”
(Flgure 1). Imino-Miinchnones (2, Z = C=NR) were first
reported in 1968.'> Phospha-Miinchnones (3, Z = PR;) are
much more recent, having been reported for the first time by us
in 2007."* Phospha-Miinchnones have reactivity profiles quite
different from Miinchnones and imino-Miinchnones. They
have also been called “Montréalones” in light of their discovery
in Montréal, as Huisgen named Miinchnones after Miinchen
where they were developed and Earl'* named “Sydnones” after
Sydney. The eﬁiaenaes of phospha-Miinchnone cycloadditions
with alkenes'® or alkynes'**™ depend strongly on the identity
of PR;. While PPh; is not effective, a PPh(catechyl) unit allows
rapid and high-yielding cycloadditions. Each of these three
classes of mesoionic 1,3-dipoles—Miinchnones, imino-Miinch-
nones, and phospha-Miinchnones—can be synthesized in a

one-pot, multicomponent procedure, starting from an imine
(R'THC=NR?), an acid chloride (R*COCI), and either CO/Pd
(for 1),' RNC (for 2)," or PR, (for 3)./3*"

Here we used these modular assembly routes to prepare
Miinchnone derivatives differing only in the group Z, and we
investigated their 1,3-dipolar cycloadditions with electron-poor
and electron-rich alkynes. The patterns of reactivity and
selectivity are examined and explained by means of density
functional theory calculations. Our results indicate that these
different classes of mesoionic dipoles provide complementary
opportunities for pyrrole synthesis: a C=0O (or C=NR) Z
group allows regioselective cycloadditions with electron-rich
alkynes, while switching to a PR; group allows regioselective
cycloadditions with electron-poor alkynes.

B RESULTS AND DISCUSSION

Experimental Measurements of Cycloaddition Regio-
selectivities and Reactivities. We prepared three 1,3-
dipoles—Miinchnone 1la, imino-Miinchnone 2a, and phos-
pha-Miinchnone 3a—from (p-tolyl)HC=NBn, p-
MeOC¢H,COC], and the appropriate “Z” unit.'® The p-tolyl
(p-Tol) and p-methoxyphenyl (PMP) groups were chosen in
order to minimize the regiochemical influences of the groups at
the C2 and C4 positions.'” The regioselectivities of the 1,3-
dipolar cycloadditions of 1a—3a with alkynes were measured by
in situ '"H NMR spectroscopy and isolation and full
characterization of the pyrrole products. Results are given in
Tables 1 and 2.

I. Electron-Poor Alkynes. Table 1 summarizes cycloadditions
of the 1,3-dipoles with electron-poor alkynes (4a—4d).
Reactions of Miinchnone la and imino-Miinchnone 2a with
alkynes 4a—4d gave regioisomeric mixtures favoring pyrrole A
(69:31—93:7). Reactions of phospha-Miinchnone 3a, on the
other hand, gave pyrrole A as the only observable regioisomer
(>95:5). The Miinchnone usually gave lower selectivities than
the imino-Miinchnone. For example, cycloaddition of 1a with
methyl propiolate (4a) yielded a 73:27 mixture of A and B
(entry 1), while 2a gave an 88:12 mixture (entry 2). Changing
to the internal alkyne 4b (entries 4—6) led to an increase in
selectivity with 1a but no change in selectivity from 2a or 3a.
This rules out the possibility that the regioselectivities obtained
with 4a were due simply to a preference for addition of the
nucleophilic C4 carbon to the less sterically hindered alkyne
terminus. Cycloadditions involving the less electron-poor
alkyne 4c gave lower selectivity with the Miinchnone but no
changes in selectivity for the imino- or phospha-Miinchnone
(entries 7—9). Conversely, the most electron-poor alkyne 4d
gave the highest selectivities overall (entries 10—12). In this
case, even the Miinchnone gave a synthetically useful level of
regioselectivity.

The general trend in these cycloadditions with electron-poor
alkynes is toward higher regioselectivity in the order 1a < 2a <
3a. Thus, replacing the carbonyl group by PPh(catechyl)
appears to generate a more electron-rich or electronically biased
dipole. Experimental evidence for the greater nucleophilicity of
the phosphorus-containing dipole was obtained from the
competition experiments shown in Figure 2. Treatment of a
1:1 mixture of la and 3a with 0.4 equiv of either methyl
propiolate (4a) or dimethyl propiolamide (4c) led to
consumption of only the phospha-Miinchnone; the Miinch-
none failed to react. These results imply that the phospha-
Miinchnone is >20 times more reactive than the Miinchnone
toward 4a or 4c.
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Table 1. Cycloadditions of Mesoionic 1,3-Dipoles with
Electron-Poor Alkynes®

Bn Bn
A Tol N__PMP  p-Tol N PMP
P-TOJ\G(N%,PMP R——ewG " OM ¥ ow
7.0 CDClj, rtto 85 °C & EWG ewd R
1a Z: C=0 A B
2a Z: C=N(Cyclohexyl)
3a Z: PPh{Catechyl)
Entry Alkyne %'SA Yield” Ratio A : B
Dipole
1 =—-CO;Me 4a 1a 65 % 73229
2 =—-CO,Me 4a 2a 85 % 88:12
3 =—-CO;Me 4a 3a 91 % >95:5
44 =—-CO,Me 4b 1a 63 % 9] :9
54 =—-CO,Me 4b 2a 21 % 87:13
64 =—-CO;Me 4b 3a 45 % >05:5
0
7 = 4c la 95 % 69 :31
NMEZ
0
8 = 4 2a 35% 89: 11
NMEz
0
9 = 4 3a 98%  >95:5
NMEZ
= ad
—— 0 3 2
10 O@CF; la 76 % 88:12
o]
= 4d
— 0 93 -
11 0@(35 2a 84 % 327
g 4d G
12 3a 99 % =055

=
o{i}m3
“1a or 3a (0.1 mmol), alkyne (0.2 mmol), CDCl, (1 mL), rt, 10 min

to 2 days; 2a (in situ, 0.2 mmol), alkyne (0.6 mmol), CDCl, (1.5 mL),
rt, 1—15 days. PNMR. “By 'H NMR of reaction mixture. “At 85 °C.

Il. Electron-Rich Alkynes. Cycloadditions with arylacetylenes
(4e—4h) displayed quite different regioselectivities from those
with the electron-poor alkynes (Table 2). Because Miinchnone
la and phospha-Miinchnone 3a displayed the most divergent
selectivities toward the electron-poor alkynes above, we
employed only these two dipoles in our investigations with
the aryl-substituted alkynes. Cycloadditions of the Miinchnone
with the arylacetylenes displayed consistently high regioselec-
tivities favoring pyrrole B (A:B < 5:95). In contrast, the
regioselectivities obtained with the phospha-Miinchnone were
variable. Reaction with phenylacetylene (4e) gave a ca. 1:1
mixture of A and B (entry 2), while reaction with the less
electron-rich arylacetylene 4f gave exclusively A (entry 4), and
reaction with the more electron-rich alkynes 4g and 4h gave
predominantly B (entries 6 and 8). Interestingly, the
Miinchnone and phospha-Miinchnone show completely
opposite selectivities toward alkyne 4f.

Competition studies (Figure 2) indicated that phospha-
Miinchnone 3a reacted faster than Miinchnone la with the
arylacetylene 4f, although the reactivities differed only by a
factor of 2.3, compared with >20 for the electron-poor alkynes
4a and 4c. Furthermore, the Miinchnone reacted at least 20
times faster than the phospha-Miinchnone in the cycloaddition
with electron-rich arylacetylene 4e.

17351

Table 2. Cycloadditions of Mesoionic 1,3-Dipoles with

Arylacetylenes”
Bn @n E?n
; N® He—e—ar pTolN_PMP pTol N PMP
DToI‘g{\, \YPMP —r__ u v ‘S\J
Z-0 eRC H  CAr A’ H
1a Z: C=0
3a Z: PPh{Catechyl) A B
. 13 T i B .
Entry Alkyne Dipole [‘C] Yield” Ratio® A:B
1 =—Ph 4e 1a rt 40 % <5:95
2 =—Ph 4e 3a 70 58 % 48 : 52
3 CF3
:—Q af la rt 64 % <5:95
CFs
4 CF3
:—Q af 3a rt 86 % >95:5
CF3
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:—@—ome 1a It 38% <5:95
6 49 B
4<: >—OMe 3a 70 36% 35:65
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8 }QNM32 3a 70 28% 16 : 84

“Conditions of Table 1. “Isolated yield. “Determined by '"H NMR of
crude reaction mixture.
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Figure 2. Competition reactions of Miinchnone la and phospha-
Miinchnone 3a with alkynes. Data show the amounts of each 1,3-
dipole remaining after treatment of an equimolar mixture with 0.4
equiv of alkyne. Relative rates were calculated as in ref 20.

Ill. Reactivity/Selectivity Relationship. To quantify reac-
tivity/selectivity relationships for dipoles la and 3a, we
measured the kinetics of cycloadditions with alkynes 4a,c—h
by means of competition reactions. Relative rate constants are
listed in Table 3, and reactivity/selectivity data are }zlotted in
Figure 3 as a function of alkyne ionization potential.*'
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Table 3. Relative Rate Constants of 1,3-Dipolar
Cycloadditions of 1a and 3a with Alkynes”

k. of cycloaddition k., of cycloaddition

Alkyne with 1a with 3a
4-(Me),NCgH,——= 4h 1 1
4-MeOCgH,—= 4g 1.2 (£0.3) 4.4 (£0.7)
Ph—= 4e 1.8 (+0.2) 14.0 (= 1.5)
35-(CFa),CeHy—= 4f 17.0 (+ 1.5) 653 (+ 49)
= CONMe, 4c 107 (£ 12) 13.9 (x 0.8) x 10*
=-CO,Me 4a 155*1.2)x10°  4.94(£0.37)x 10°

=CO,(4-CFCqHy)4d 3.2 (+0.3)x 10°

3.90 (+ 0.34) x 107

“Determined by competition reactions of 1a or 3a (0.1 mmol) with
two different alkynes (0.5— 2.0 mmol)** and 'H NMR analysis of the
resulting pyrroles. Error in rates relative to alkyne above in the table,
and calculated from the average of two experiments using standard 5%
error in 'H NMR integration.

For both 1,3-dipoles, the rate of cycloaddition increases with
alkyne ionization potential. This can be clearly seen in the plot
of relative reactivities in Figure 3a. Both 1,3-dipoles show a
roughly linear correlation between reactivity and alkyne
ionization potential as expected for nucleophilic 1,3-dipoles.**
Interestingly, the phospha-Miinchnone displays a much wider
range of reactivities, reacting over 107 times faster with the very
electron poor 4d than with the electron-rich alkyne 4h.

However, contrary to expectation for nucleophilic 1,3-
dipoles, plots of regioselectivity against alkyne ionization
potential (Figure 3b and 3c) are not linear. Instead, both
dipoles show an inversion along the series, favoring pyrrole B at
low alkyne IPs and pyrrole A at high alkyne IPs. The
regioisomer predicted for a nucleophilic dipole (A) dominates
over a wider range of alkynes with the phospha-Miinchnone
than with the Miinchnone. In combination with the linear
correlation of reactivity with IP, the observed inversion of
regioselectivity with IP does not conform to FMO
predictions.”> Nevertheless, the data clearly show that alkyne
cycloaddition regioselectivity can indeed be qualitatively
predicted based on alkyne ionization potential. The ionization
potential at which selectivity inverts for Miinchnones is about
10.7 eV, compared to 8.6 eV for phospha-Miinchnones. These
differences enable one to synthesize a pyrrole in high
regiochemical purity from any of the alkynes examined. For
alkyne 4f, the ionization potential (ca. 9.5 eV) lies outside both
of the mixture-producing regions yet on opposite sides of the A
< B regioisomeric transition points for the two dipoles,
allowing both isomers of the pyrrole to be generated in >95%
regioisomeric purity from cycloadditions with the two dipoles.

Computational Studies of Regioselectivity and Re-
activity. We used density functional theory calculations to
examine the mesoionic 1,3-dipoles’ reactivities and regioselec-
tivities. Computations were performed at the B3LYP/6-
31+G(d) level of theory, which we previously used*** to
characterize phospha-Miinchnone structures and reactivities.
Figure 4 shows the FMO energies and 7 coefficients of model
1,3-dipoles 1b—3b and selected alkynes.

Methyl propiolate (4a) was used as a representative electron-
poor alkyne. As has been previously noted for Miinchno-
nes,”™*? the FMO picture correctly predicts some, but not all,
of the experimental observations. The dominant FMO
interaction is HOMO(Miinchnone)—LUMO(4a), consistent
with the observed preference for pyrrole A in cycloadditions of
3a with electron-poor alkynes 4a—4d (Table 1). The dipole
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Figure 3. (a) Reactivity and (b and c) selectivity of cycloaddition of
(A) Miinchnone 1a and (@) phospha-Miinchnone 3a with alkynes as
a function of alkyne ionization potential.

HOMO energies correctly predict that an imino-Miinchnone
should be more regioselective than a Miinchnone but fail to
predict that a phospha-Miinchnone should be more selective
than either of these. The HOMO energies also fail to predict
that a phospha-Miinchnone should react faster than a
Miinchnone with electron-poor alkynes (Figure 2 and Table 3).

Frontier molecular orbital considerations also give qual-
itatively inaccurate predictions of regioselectivity for the more
electron-rich alkynes 4e, 4f, and 4h. For example, the HOMO
energies and coeflicients of the Miinchnone and phospha-
Miinchnone are nearly identical, and the phospha-Miinchnone
has the higher LUMO energy, yet the Miinchnone consistently

dx.doi.org/10.1021/ja406833q | J. Am. Chem. Soc. 2013, 135, 17349—17358



Journal of the American Chemical Society

"

Me 'Y'g 0.09 0.28
ool &N _pup  pTol @ NG _PMP osp-0
012V Jo.29 0.15 0.27 o'by
fo) [¢]
MeN 0.08
0.06 0.06
E
(eV)

-0.23 _o;o_ -0.23
b Me i
Me
1

,{l(+) Me
p-Tol & PMP '®
N® 0.34 0.24 p-Tol & NI_pPMP
p-TolQ V- PMP 0 039\ J0.19
0.34 0.21 : :
0 MeN 0‘,F|"0
° 1b 2 @O Ph

3b

021 013
Ozgzﬁ?COZMe CF,4 iQ 0.13
0.10 0'20:0—'<10 ? 011
006 CF3

-0.27

-0.32 0.1
-0.36 + 4< >_NM62
-0.42 CF; 027018

ﬁ 0.29 0.22 = < >

= 4e

0.37 0.39 4f

=_CO,Me CFs

4a

Figure 4. Frontier molecular orbital diagram for 1,3-dipoles 1b—3b and selected alkyne dipolarophiles. Orbital energies (eV) and absolute values of
the coeflicients at the reacting termini were computed at the HF/6-31G//B3LYP/ 6-31+G(d) level.

favors pyrrole B experimentally, while the phospha-Miinchnone
is “ambiphilic”.

Simple FMO considerations are not generally useful for
comparing the reactivities and selectivities of cycloadditions
involving these mesoionic 1,3-dipoles. We therefore computed
transition states for the 1,3-dipolar cycloadditions of model
mesoionic 1,3-dipoles with the four alkynes. Figure 5 shows the
transition states for cycloadditions of model 1,3-dipoles 1c—3c
with methyl propiolate 4a. Activation barriers for these TSs are
listed in Table 4. Activation barriers for cycloadditions
involving arylacetylenes, this time with the model 1,3-dipoles
1d and 3d (which lack the N-Me group of 1c and 3c), are given
in Table S. The tables list the values of AH* and AG” in the gas
phase as well as solution-phase values of AG* in chloroform,
which were computed using the SMD solvent model. The TS
geometries for cycloadditions involving the most electron-rich
alkyne, 4h, are shown in Figure 6. 1,3-Dipolar cycloadditions of
these mesoionic 1,3-dipoles with alkynes lead to bicyclic
intermediates, which undergo retro-(4 + 2) cycloaddition with
extrusion of Z=O (Z=CO or PR;) to generate the pyrrole.
Reaction profiles including both the 1,3-dipolar cycloaddition
and the retro-(4 + 2) cycloaddition were computed for four
representative cases (lc/3c + 4a and 1d/3d + 4e). The
reaction profile for 1c + 4a is shown in Figure 7. Formation of
the bicyclic intermediate Int-1-a-A was found to be effectively
irreversible, and the intermediate rapidly extrudes CO, with a
barrier of <1 kcal/mol. Similar features are observed in the
corresponding reaction profiles for the other three examples
studied (see Supporting Information). Thus, the regioselectivity
of pyrrole formation is controlled by the relative energies of the
isomeric 1,3-dipolar cycloaddition transition states.

For cycloadditions involving methyl propiolate (Table 4), the
gas-phase values of AH* and AG* predict the correct sense and
degree of regioselectivity (a preference for pyrrole A, which
increases in the order 1 < 2 < 3) and the correct relative rates
of cycloaddition (1 < 3).** Theory also predicts the correct
regioselectivities for cycloadditions involving arylacetylenes

TS1-a-A

2

=]

T83-a-A

TS3-a-B

Figure 5. Transition structures for 1,3-dipolar cycloadditions of 1c¢—3c
with methyl propiolate; calculated at the B3LYP/6-31+G(d) level.
Distances in Angstroms.

(Table S). Here, cycloadditions of Miinchnone la with
arylacetylenes consistently favored pyrrole B experimentally
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Table 4. Computed Activation Barriers and Distortion/Interaction Analyses for 1,3-Dipolar Cycloadditions of 1c—3c with

Methyl Propiolate®

Ve Ve ¥e coM g Me
H.© N\ H2 H1 N\ H2 HI© NG H2 - 2Vie i 2 H1 N _H2
7’ or 7’ or \\/ (4a) \ f,! + \ ‘I,r
0 (o] 0-P-0 T 70
o] MeN | H CO,Me MeO,C H
1c 2c Ph 3c A B
exptal” AH?* (gas) AG* (gas) AG* (CHCL) AE AE,,
1,3-dipole A:B A B A B A B A B A B
1c 73:27 10.1 10.4 24.7 25.0 27.5 26.7 21.7 18.6 —-12.5 -9.1
2c 88:12 3.7 4.5 17.9 19.0 20.3 21.1 13.8 11.9 —-11.2 -84
3c >95:5 8.4 12.2 22.8 28.1 224 29.7 15.7 21.3 —82 -9.9

“B3LYP/6-31+G(d), 298.15 K, 1 mol/L, kcal/mol. Solution values incorporate SMD solvation energies in chloroform. bExperimental regioisomer

ratios for reactions of la—3a (from Table 1).

Table 5. Computed Activation Barriers and Distortion/Interaction Analyses for 1,3-Dipolar Cycloadditions of 1d and 3d with

Arylacetylenes”
':l@ H@ =—Aryl H i
HONO K WeN e — T i N e i N 2
yg/ o Oﬁfr_g’ - 7=0 ¥ \
[e] (o] H Aryl Aryl H
1d @ Ph 3d & ¥ ¥ 8
Alkyne and Exptal” AH* (gas) AG* (gas) AG* (CHCIy) AE 4 AE.
1,3-Dipole A:B A B A B A B A B A B
=Ph 4e
1d <5:95 16.9 14.5 31.2 28.8 34.7 31.6 24.8 20.0 -8.9 —6.4
3d 48:52 18.4 18.6 32.7 334 35.7 36.0 249 23.1 -7.3 -5.2
CF;
:—< :>4f
CF;
1d <5:95 15.9 13.6 30.2 28.7 33.2 31.1 23.8 19.8 -8.9 =7.1
3d >95:5 146 169 | 287 326 | 296 349 | 180 231 | 42 68
4h
:—QNMeZ
1d <5:95 17.7 14.3 32.7 28.7 36.6 31.7 253 19.4 -8.6 —6.0
3d 16:84 20.1 18.6 35.4 33.8 38.9 36.5 26.7 22.5 -7.4 —4.6

“B3LYP/6-31+G(d), 298.15 K, 1 mol/L, kcal/mol. Solution values incorporate SMD solvation energies in chloroform. bExperimental regioisomer

ratios for reactions of 1a and 3a (from Table 2).

(>95:5), and calculations predict pyrrole B to be favored by
2.3—34 kcal/mol (AAH?). Experimentally, phospha-Miinch-
none 3a was ambiphilic toward the arylacetylenes, and
computed barriers mirror this result by showing a strong
preference for pyrrole A with alkyne 4f (AAH® = 2.3 keal/
mol), a preference for pyrrole B with 4h (AAH* = 1.5 kcal/
mol), and low selectivity with 4e (AAH* = 0.2 kcal/mol).
Calculations appear to underestimate the reactivity of the
phospha-Miinchnone relative to the Miinchnone in cyclo-
additions with arylacetylenes. This apparent underestimation
stems from the absence of substituents on the carbon and
nitrogen atoms of model phospha-Miinchnone 3d. Previously,
we showed'®™® that the activation energies for concerted
cycloadditions of phospha-Miinchnones with ethylene correlate
with the length of the P—O bond in the reactant; the longer the
P—O bond, the greater the bond must contract before the TS
geometry can be reached and the higher the activation energy.
The absence of any N-alkyl or C-aryl substituents on the model
phospha-Miinchnone 3d makes the P—O bond 0.13 A longer
than in the substituted analogue 3b (1.97 vs 1.84 A), which
produces an artificial elevation of the activation barrier. A
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similar effect is likely to be present in the reaction of 3¢ with
methylpropiolate (Table 4).

We also computed the activation barriers at the M06-2X/6-
311+G(d,p)//B3LYP/6-31+G(d) level of theory (see Support-
ing Information). M06-2X calculations agreed quite closely
with experiment for methyl propiolate but gave incorrect
predictions of regioselectivity for most of the arylacetylene
cycloadditions.

To analyze the variations in rates and regioselectivities, we
applied the distortion/interaction model®® of reactivity. The
right-hand columns in Tables 4 and S show the total energy
required to distort the 1,3-dipole and alkyne to their transition-
state geometries (AEg,) and the energy associated with the
interaction between the cycloaddends in each TS (AE,,,).

Distortion/interaction analysis shows that, for reactions with
methyl propiolate (Table 4), the Miinchnone and imino-
Miinchnone regioselectivities are controlled by the interaction
energy. The favored transition states for both of these dipoles
(leading to A) have larger distortion energies than the TSs
leading to B, but they are lower in energy because they are
stabilized by a stronger interaction between the reactants,
reflecting the nucleophilic character of the 1,3-dipoles. The
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TS1-h-A \ TS1-h-B

TS3-h-A ¥ TS3-h-B

Figure 6. Transition structures for 1,3-dipolar cycloadditions of 1d and
3d with alkyne 4h; calculated at the B3LYP/6-31+G(d) level.
Distances in Angstroms.

Me =—CO,Me Me
H1.O N\ H2 (4a) H1 H2
T \ )
(o] - CO,
0 H CO,Me
1c
(A)
+
s = _CO,Me
(3+2) cycloaddition  { Me }
TS1-a-A HIL N, _H2
ey

CO,Me ¥
TS Me
retro-(4+2) HI_| N H2
cycloaddition . ;
Me #=0
N® °©
H1 [e) \7/H2
3 CO,Me Py 707
O e Ve \ (-87.2)
1 \ 2
+ H' LN H Ve
=—-CO,Me o H_ N h2
4a 0 \ + CO,
Int-1-a-A H CO,Me

Figure 7. Free energy profile for reaction of Miinchnone lc with
electron-deficient alkyne 4a, giving the major regioisomer of the
pyrrole (A). Free energies in chloroform (kcal/mol) were computed at
the B3LYP/6-31+G(d) level including SMD solvation energies;
corresponding gas-phase free energies are included in parentheses.

distortion energies of the transition states leading to A are
higher than those for the transition states leading to B because
the A transition states display more advanced bond formation,

with greater cis bending of the alkyne and out-of-plane bending
of the dipole (e.g,, compare TS1-a-A and TS1-a-B in Figure S).

On the other hand, the regioselectivity observed in the
reaction of the phospha-Miinchnone with methyl propiolate is
traced not to the interaction energy but to the distortion
energy. The phospha-Miinchnone in the TS leading to A (TS3-
a-A) has undergone less P—O bond contraction, and the alkyne
is trans bent, which is more favorable than the cis-bent alkyne
in the TS leading to B (TS3-a-B). The small distortion energy
of TS3-a-A is also responsible for the higher overall reactivity of
3c (compared with 1c) toward this electron-poor alkyne.

The regioselectivities of the arylacetylene cycloadditions
(Table S) are controlled by distortion energies. The
Miinchnone TSs leading to pyrroles B benefit from distortion
energies that are 4—6 kcal/mol smaller than those leading to
pyrrole A. The small distortion energies offset these TSs’
weaker interaction energies, which are 2—3 kcal/mol smaller
than those of the minor TSs. In the phospha-Miinchnone
cycloadditions, the TS distortion energies favor formation of
pyrrole A with alkyne 4f and pyrrole B with alkyne 4h. Only in
the unselective reaction of the phospha-Miinchnone with
phenylacetylene does the correlation of selectivity with Egg
break down; here Ey favors B by 1.8 kcal/mol, while E, , favors
A by an almost equal amount (2.1 kcal/mol).

Correlation between Experiment and Theory. Dis-
tortion/interaction analysis provides the first self-consistent
rationale for the rates and regioselectivities of cycloadditions
involving the mesoionic 1,3-dipoles. For Miinchnones, FMO
theory suggests a dominant orbital interaction between the
HOMO(Miinchnone) and LUMO(alkyne) leading to pyrrole
A. However, experimentally, the opposite regioisomer is always
competitive. The low selectivity arises because the favorable TS
interaction energy in TS leading to A (which is large due to the
nucleophilicity of the dipole) is offset by a relatively large
distortion energy, associated with the more advanced bond
formation in this TS. Distortion becomes increasingly
important as the alkyne becomes more electron rich and is
the dominant selectivity-determining factor for the arylacety-
lenes. The TS geometries in Figures S and 6 represent the two
extremes of a progression of geometrical changes that occurs on
going from electron-poor to electron-rich alkynes. Distortion
energy trends along this series stem from a complex
combination of geometrical changes, but distortion energies
generally appear to be most sensitive to changes in the bond
angle at the substituted alkyne terminus and the CH dihedral
angle at the dipole C2 carbon, which become more distorted as
the alkyne becomes more electron rich.

For phospha-Miinchnones, cycloaddition regioselectivity is
generally driven by distortion energy differences. Once again,
the distortion energies are influenced by numerous geometrical
factors, but the P—O distance and the direction of alkyne
bending appear to be most important. For regioisomer A, the
P—O distance in the TS decreases as the alkyne becomes more
electron rich (e.g, compare TS3-a-A with TS3-h-A) and the
alkyne changes from a favorable trans-bent geometry to a less
favorable cis-bent geometry. In the B transition states, by
contrast, the more electron-rich alkynes have less cis bending
and the dipole P—O distance varies little across the series.
These factors combine to cause an inversion in distortion
energy differences, favoring A for electron-poor alkynes and B
for electron-rich alkynes.
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B CONCLUSIONS

Experiments and calculations reported here provide new
insights into the reactivities and selectivities of 1,3-dipolar
cycloadditions involving mesoionic 1,3-dipoles. Both Miinch-
nones and phospha-Miinchnones demonstrate distinct trends
in alkyne cycloaddition regioselectivity. Reactivities correlate
with alkyne ionization potential, while regioselectivities display
an inversion as the alkyne ionization potential is raised. Frontier
molecular orbital considerations do not provide a useful
rationale for the selectivities or reactivities, but transition-state
calculations reliably reproduce experiment and allow the
observed trends to be explained in terms of the transition-
state distortion and interaction energies.

To the best of our knowledge, this is the first demonstration
that cycloadditions involving cyclic azomethine ylides can be
performed regioselectively with both electron-rich and electron-
poor alkynes without varying the C- or N-substituents on the
dipole (R'-R*). Phospha-Miinchnones react regioselectively
with electron-poor alkynes that do not react selectively with
Miinchnones, while Miinchnones give better selectivities in
reactions with electron-rich alkynes that do not react selectively
with phospha-Miinchnones. These tunable selectivities suggest
avenues for fruitful application to a range of other
dipolarophiles, and experiments in this direction are currently
underway.

B EXPERIMENTAL SECTION

General Synthetic Procedures. All experiments were conducted
in a Vacuum Atmospheres dry glovebox. All reagents were purchased
from commercial sources and used as received. CDCl; and CD;CN
were distilled from CaH, under nitrogen. Acetonitrile, dichloro-
methane, and diethyl ether were dried with a solvent purification
system. Imines were prepared as per standard literature procedures.”®
Alkyne 4c*” and PhP(catechyl)'® were synthesized by literature
procedure. Imino-Miinchnone 2a was prepared in situ. 'H and "*C
NMR spectra were recorded on Varian Mercury 300 and 400 MHz
and Unity S00 MHz spectrometers. Pyrrole regioisomers were
distinguished by a combination of NMR experiments (NOE, COSY,
NOESY-2D).

Synthesis of Miinchnone 1a. A modified version of a literature
procedure was followed.”® In the glovebox, (4-CH,C,H,)HC=
NCH,CH; (138 mg, 0.66 mmol) and 4-methoxybenzoyl chloride
(124 mg, 0.73 mmol) were mixed in 1 mL of acetonitrile and allowed
to stand for 30 min. The solution was transferred to a S0 mL reaction
bomb followed by Pd(‘Bu,P), (34.6 mg, 10 mol %), LiBr (57.2 mg,
0.66 mmol), and N,N-diisopropylethylamine (119 mg, 0.92 mmol).
CO (4 atm) was added to the reaction bomb, and the solution was
heated at 45 °C for 16 h. After removing CO, the solution was stirred
with 3 g of K3PO, for 7 h in the glovebox. The solution was filtered
through a small pad of Celite and concentrated to dryness. A S mL
amount of Et,O followed by 2.5 mL of acetonitile were added, and the
solution was stored in a —35 °C freezer for 18 h. The precipitate was
collected and recrystallized with 5 mL of dichloromethane and 15 mL
of pentane. The solution was left in a =35 °C freezer for 1 day, and
103 mg of pure Miinchnone la was collected (42% yield).

'"H NMR (500 MHz, CDCl;) § (ppm): 7.51 (d, ] = 6.5 Hz, 2H),
7.42—7.34 (m, 3H), 7.24 (d, ] = 8.0 Hz, 2H), 7.16 (d, ] = 7.5 Hz, 2H),
7.04 (d, ] = 8.0 Hz, 2H), 6.88 (d, ] = 7.0 Hz, 2H), 5.35 (s, 2H), 3.80
(s, 3H), 2.26 (s, 3H). *C NMR (125.7 MHz, CDCl,) 6 (ppm): 161.7,
160.8, 143.3, 136.0, 134.6, 129.6, 129.5, 129.1, 128.6, 127.7, 125.7,
1256, 115.3, 1149, 959, 55.6, 50.6, 21.2. HRMS (APCI') for
C,,H,,0.N": caled 372.15942, found 372.115958.

Synthesis of Phospha-Miinchnone 3a. A modified version of a
literature procedure was followed."® In the glovebox, (4-CH;C¢H,)-
HC=NCH,C¢H; (209 mg, 1.00 mmol) and 4-methoxybenzoyl
chloride (179 mg, 1.05 mmol) were mixed in ca. 1 mL of acetonitrile

and allowed to stand for 30 min. An acetonitrile solution (ca. 2 mL) of
PhP(catechyl) (237 mg, 1.1 mmol) was added followed by DBU (274
mg, 1.8 mmol); after 1 h, the mixture was diluted with acetonitrile to
ca. 8 mL total volume and cooled at ca. —40 °C overnight to improve
product precipitation. Filtration, washing with cold acetonitrile, and
removal of trace solvent residues in vacuo for ca. 12 h provides 430 mg
of product (77% yield).

'H NMR (500 MHz, CDCl;) § (ppm): 7.66 (dd, ] = 8.5 Hz, 17.5
Hz, 2H), 7.44 (d, ] = 6.5 Hz, 2H), 7.35—7.31 (m, 2H), 7.29—7.24 (m,
4H), 7.04—7.03 (m, 3H), 6.99-6.97 (m, 2H), 691 (d, ] = 8.0 Hz,
2H), 6.84 (d, ] = 8.5 Hz, 2H), 6.72 (dd, ] = 3.0 Hz, 5.5 Hz, 2H), 6.45
(br's, 1H), 5.03 (d, J = 15.5 Hz, 1H), 4.92 (d, J = 15.5 Hz, 1H), 3.79
(s, 3H), 2.28 (s, 3H). *C NMR (125.7 MHz, CDCl,) § (ppm): 161.0,
149.3, 148.1, 145.8, 143.0 (d, Jo_p = 226.5 Hz), 135.8, 135.4 (d, Jc_p
=1.4Hz), 135.2 (d, 3Jc_p = 6.1 Hz), 132.3 (d, ¥Jc_p = 17.6 Hz), 129.7,
128.7, 128.6 (d, >*"*Jc_p = 3.8 Hz), 128.1 (d, >°*3Jo_p = 4.6 Hz),
1280, 127.9, 127.6, 126.3, 121.8, 119.4, 119.0, 114.2, 110.9 (br d, Jo_p
= 10.7 Hz), 110.7 (br s), 73.2 (d, YJc_p = 221.8 Hz), 55.5, 51.0 (d,
3cp = 83 Hz), 21.3 (d, ¥c_p = 2.4 Hz). HRMS (APCI*) for
C;sH; O,NP": caled 560.19852, found 560.19901.

Cycloaddition of Alkynes with Miinchnone 1a. In a screw cap
NMR tube containing Miinchnone 1a (37.1 mg, 0.1 mmol) in 1 mL of
dry CDCI; with an internal standard (benzyl benzoate) was added the
alkyne (0.2 mmol). The reaction was followed by 'H NMR analysis
until la was consumed. The ratio of pyrrole regioisomers was
determined by '"H NMR analysis of the crude reaction mixture. Pyrrole
products were isolated by flash chromatography columns with
hexanes/ethyl acetate (9/1) or toluene/ethyl acetate (9/1) as eluent.

Cycloaddition of Alkynes with Imino-Miinchnone 2a. A
solution of (4-CH;C¢H,)HC=N(CH,CsH;) (42.0 mg, 0.2 mmol)
and p-methoxybenzoyl chloride (40.9 mg, 0.24 mmol) in 0.3 mL of
dry CDCI; was prepared in a glovebox with an internal standard
(benzyl benzoate) and allowed to stand for 30 min. Cyclohexyl
isocyanide (24.0 mg, 0.22 mmol) was added and let stand for 1 h,
followed by K;PO, (128 mg, 0.6 mmol). The solution was stirred for 1
h and then transferred to a screw cap NMR tube with the alkyne (0.6
mmol), and the final volume of dry CDCl; was adjusted to 1.8 mL.
The reaction was followed by 'H NMR spectrometry until complete
(1-15 days). The ratio of the regioisomers was determined by 'H
NMR analysis of the crude reaction mixture.

Cycloaddition of Alkynes with Phospha-Miinchnones 3a. In
a screw cap NMR tube containing phospha-Miinchnone 3a (55.9 mg,
0.1 mmol) in 1 mL of dry CDCl; with an internal standard (benzyl
benzoate) was added the alkyne (0.2—0.5 mmol). The reaction was
followed by "H NMR analysis until 3a was consumed. The ratio of the
regioisomers was determined by 'H NMR analysis of the crude
reaction mixture. Pyrrole products were isolated by flash chromatog-
raphy columns with hexanes/ethyl acetate (9/1) or toluene/ethyl
acetate (9/1) as eluent.

Relative Reactivity of 1,3-Dipoles (Figure 2). To a dry CDCI,
solution of Miinchnone la (37.1 mg, 0.1 mmol) and phospha-
Miinchnone 3a (55.9 mg, 0.1 mmol) in a screw cap NMR tube with an
internal standard (1,3,5-trimethoxybenzene) was added methyl
propiolate 4a (3.4 mg, 0.04 mmol), and the final volume of CDCly
was adjusted to 1.5 mL. The reaction was followed by 'H NMR
analysis for 1— 2 days. The ratio of Miinchnone la and phospha-
Miinchnone 3a reacted was determined by 'H NMR spectra of the
crude reaction mixture relative to the internal standard.

Relative Alkyne Reactivity (Table 3). To a dry CDCl; solution
of two alkynes in a 1:1 ratio (0.5 mmol) with an internal standard
(benzyl benzoate) was added Miinchnone la (37.2 mg, 0.1 mmol).
The final volume of CDCl; was adjusted to 1.5 mL, and the mixture
placed in a screw cap NMR tube. The reaction was followed by 'H
NMR analysis for 1—6 days. The ratio of alkynes reacted was
determined by "H NMR spectra of the crude reaction mixture relative
to the internal standard. Due to their different reactivity, a competition
experiment between alkynes 4c and 4f was performed with a 1:9
alkyne ratio.

Computational Methods. Density functional theory calculations
were performed using the Gaussian 03*° and Gaussian 09°° software.
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Geometry optimizations, conformational searching, and vibrational
frequency calculations were conducted at the B3LYP/6-31+G(d)
level*' The nature of each stationary point was ascertained by
vibrational frequency analysis, and transition states were further
verified by IRC calculations®> where appropriate. Enthalpies and free
energies were obtained from the unscaled B3LYP frequencies and are
quoted at 298.15 K and 1 mol/L. Solvation energies in chloroform
were calculated with the SMD model.*® Single-point electronic energy
calculations were also performed at the M06-2X/6-311+G(d,p) level**
for comparison to the B3LYP data. M06-2X results are provided in the
Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

Supplementary experimental procedures for pyrroles A and B,
characterization data, proof of regioselectivities, computational
data, and complete citations for refs 29 and 30. This material is
available free of charge via the Internet at http://pubs.acs.org.
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