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ABSTRACT: The development of the domino reaction between an
aminoethyl-substituted diene and maleic anhydride to afford an N-substituted
octahydroisoquinolin-1-one is described. A typical procedure involves the
treatment of a 1-aminoethyl-substituted butadiene with maleic anhydride at 0
°C to room temperature for 20 min under low-solvent conditions, which
affords a series of isoquinolinone carboxylic acids in moderate to excellent
yields. NMR monitoring suggested that the reaction proceeded via an initial
acylation step followed by an intramolecular Diels—Alder reaction. For the
latter step, a significant rate difference was observed depending on whether the
amino group was substituted by a phenyl or an alkyl (usually benzyl)
substituent, with the former noted by NMR to be substantially slower. The
Diels—Alder step was studied by density functional theory (DFT) methods,
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leading to the conclusion that the degree of preorganization in the starting acylated intermediate had the largest effect on the
reaction barriers. In addition, the effect of electronics on the aromatic ring in N-phenyl substrates was studied computationally
and experimentally. Overall, this protocol proved considerably more amenable to scale up compared to earlier methods by
eliminating the requirement of microwave batch chemistry for this reaction as well as significantly reducing the quantity of

solvent.

B INTRODUCTION

Domino reactions involving sequential chemical transforma-
tions without the isolation of intermediates permit the quick
assembly of complex molecular frameworks," often utilizing the
Diels—Alder (DA) reaction as a key component.” Although the
phrase “domino reaction” did not appear in the chemical
literature until 1973,> a combined Diels—Alder/acylation
reaction of maleic anhydride toward N-alkyl-octahydroisoqui-
nolin-1-one-8-carboxylic acids 2 and related heterocycles was
first reported in 1968* and further developed by other
laboratories (see discussion to follow). In 2007, we utilized
this sequence to construct a small library of amides derived
from 2 (Scheme 1)° and subsequently showed that numerous
amides containing this scaffold were potent and selective kappa
opioid receptor (KOR) binders,® notably including some KOR
ligands found to be substantially biased for activation of the G-
protein signaling pathway relative to f arrestin signaling.”
Because of our current interest in discerning the molecular basis
behind such functional selectivity and to utilize molecules
derived from 2 as molecular probes, we have used this
chemistry to prepare hundreds of isoquinolinone-based KOR
agonists.8

To facilitate these efforts, we found it desirable to further
develop the reaction. In particular, the necessity for microwave
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conditions in reactions involving nonfuran-based dienes
severely limited our ability to scale the reaction up to
multigram quantities. In this article, we report that carrying
out the reaction under low-solvent conditions allows a practical
reduction in reaction temperature from 165 °C to <0 °C with a
commensurate increase in scalability. Under these new
conditions, we also discovered a profound dependence of rate
upon the nature of the N-substituent (aryl vs alkyl) and report
a combined experimental and theoretical mechanistic study of
this effect.

B BACKGROUND

This sequence leverages reactivity inherent in maleic anhydride
(MA), a remarkable molecule in that all four carbons in it are
sites for reaction. Thus, not only is MA an iconic Diels—Alder
dienophile, both ends of the electron-poor double bond are
additionally activated toward conjugate addition by nucleo-
philes, and as an anhydride, it is also subject to nucleophilic
acylation. Beginning in the 1960s, a number of workers have
explored sequences involving the ready acylation of amines or
alcohols by MA to prepare substrates for intramolecular Diels—
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Bilovic described how reacting MA with 2-(aminomethyl)furan
resulted in a reaction of the nucleophilic amine with the
anhydride moiety of MA, albeit in low yield.* Subsequent
dissolution of this adduct in EtOH occasioned a Diels—Alder
cycloaddition at room temperature over 16 h. In the early
1980s, Pelter and Singaram reported similar chemistry of the
corresponding furanyl alcohol, including the observation of the
domino Diels—Alder/acylation product under certain circum-
stances.” Although mixtures of anhydride and lactonic acid were
obtained as shown, these authors considered the formation of
the latter to be the result of an intramolecular Diels—Alder
process following initial acylation (supported by a demon-
stration of cycloaddition of the independently prepared ester,
shown in brackets). Nearly simultaneously, Imagawa reported
similar results, with a point of particular interest to the present
work being that “if the amount of the solvent was exceedingly
minimized” the domino reaction product was accompanied by
uncycloadded crystalline esterification product, which did not
undergo further reaction in the solid state.'”'' The reaction was
even adapted for an undergraduate laboratory experience by
McDaniel and Weekly."

A series of papers by Zylber and co-workers focused on the
domino amidation/DA chemistry of 2-aminoethyl furans and
clarified the mechanistic course of the reactions (Scheme 3).'?
They found the reaction to reliably and efficiently afford the
domino amidation/DA product under a variety of conditions,

PhMe, Et,0, or EtOAc, rt but in 65% yield

+ unable to detect intermediate

Ph in d-acetone, d-DMSO, or + domino adduct forms within 5-30 min
DClj, rt « IR and NMR observation of amide
intermediate (brackets)

Ph Et,0, -10 °C « isolation of amide (brackets) in
80% yield

+ IMDA of amide occurs in CDCly
(t1/2 = 90 min)

but qualitatively noted a rate difference between N-alkyl-
substituted aminomethylfuran and its N-aryl counterpart, which
took nominally more time to reach completion. Moreover, the
Zylber team was able to detect initial amide formation by IR or
NMR, also isolating the amide when carrying out the reaction
at —10 °C in Et,O. These results strongly supported the order
of reaction as amidation and then DA reaction.

Other researchers have employed the furan or the closely
related amidation/DA sequence to provide similar products as
discussed above,'* but only a few examples using nonfuranyl
aminoalkyl dienes were reported prior to our 2007 paper
(Scheme 4).° In 1996, Crisp reported a series of domino
reactions using a complex diene containing a relatively non-
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nucleophilic N-Cbz substituent, which unsurprisingly pro-
ceeded by intermolecular Diels—Alder reaction followed by
transamidation.'> More relevant here are the reactions reported
by Mellor of MA with dienes containing hydroxyalkyl'® o
aminoalkyl'” substituents, respectively. The example shown in
Scheme 4, in which the reaction was carried out in refluxing
toluene is typical, although a couple of examples were also
reported to give comparable results at 0 °C or rt when dichloro-
or dibromomaleic anhydrides, respectively, were used. Finally,
White has reported a related isoquinolinone synthesis in which
the main event is an innovative diene formation via alkene
dehydrogenation, followed by Diels—Alder and transamidation
to afford the final products The utility of the Diels—Alder
reaction with downstream' or concomitant®® lactonization
reactions has been well noted.

B RESULTS AND DISCUSSION

Method Development. The body of work described above
clearly established the potential of a combined MA acylation
event with the powerful Diels—Alder reaction for the rapid
assembly of useful heterocyclic scaffolds. We were especially
attracted to this particular reaction sequence in the context of
diversity-oriented synthesis because of its modularity (poten-
tially wide choice of diene, if practical, and MA derivatives),
easy diversification of the resulting carboxylic acid, and the
superficial similarity of the products to turn mimetics (a useful
overview and entry into this vast literature has recently
appeared’'). As noted above, our hopes that a library based
on this scaffold would prove useful were subsequently
realized,%”** reinforcing our commitment to increasing the
suitability of this reaction to routine laboratory use. In this
regard, a key bottleneck was the need for carrying out the
reaction in a microwave apparatus under high temperature: in
our initial article,® we reported carrying out the Diels—Alder/
acylation sequence of diene 1a with MA for 1.5 h at 165 °C in
dichloroethane (DCE; 04 M in la). Moreover, the past
empbhasis on furan dienes suggested that greater exploration of
reaction partners would be essential for optimal utility.

A key breakthrough that allowed us to achieve these goals
was the observation that an exotherm occurred when the diene
and maleic anhydride were combined in the absence of solvent;
when the reaction was scaled up to >5 mmol, the exotherm was
sufficiently strong to necessitate cooling the reaction in ice.
Moreover, we noted that the reaction went to completion
under these conditions, without the requirement for microwave
heating. Accordingly, we sought out conditions for optimizing
this low-solvent (“nearly-neat”), non-MW variation as a means
of optimizing the reaction for downstream analogue synthesis
and preparation of larger quantities of product.

As shown in Table 1, trials with variations in temperature and
time led us to optimal conditions that included maintaining an
initial reaction temperature of 0 °C for 10 min removal of the
cooling bath and allowing for slow warming for an additional 10
min. This protocol resulted in control of the exotherm in
addition to providing product in good yield (entries 1—4, 10).
Experimenting with the order of addition, maintenance of
strictly anhydrous conditions, and varying molar equivalencies
of dienophile failed to provide a significant increase in yield
(entries 5—6). Since most of the isoquinolinone carboxylic
acids were solids, we turned to adding a minimal amount of
DCM so as to increase the yield by ensuring complete
conversion (entries 7—11; see Table 1 for concentrations).
Changes in reaction scale resulted in similar results (entries
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Table 1. Optimization of Conditions

= O
S Lo DM
N
“Bn o} H

1a 2a
scale conc temp time equiv of yield®
entry  (mmol) (M) (°cc)® (min) Ma® (%)
1 2.5 5.0 rt 10 1.1 647
2 2.5 5.0 rt 30 1.1 61
3 2.5 5.0 A 20 1.1 62
4 2.5 5.0 A 45 1.1 71
5 2.5 5.0 A 20 1.1 63°
6 2.5 5.0 B 20 2.0 72
7 2.5 1.25 B 20 1.1 73
8 2.5 1.66 B 20 1.1 74
9 2.5 2.5 B 20 1.1 77
10 2.5 5.0 B 20 1.1 83
11 25 neat B 20 L1 78"
12 1.0 5.0 B 20 1.1 80
13 5.0 5.0 B 20 1.1 75

“Conditions: A = reagents combined at 0 °C and allowed to warm to
rt for the time designated; B = held at 0 °C for 10 min, then allowed to
warm from 0 to 25 °C over 10 min. "MA = malelc anhydride. “Average
of three runs, except where otherwise noted. “When scaled up to S
mmol under these conditions, the reactlon erupted from the flask.
“Strictly anhydrous conditions; single run. FSolidified during reaction;
stirring was stopped.

12—13). The reaction is highly endoselective, with the exo
isomer consistently representing ca. 2—3% of the isolated
products.

Applying the optimized conditions to a panel of amine
dienes, each of which was prepared in four steps from ethyl
sorbate using reported methods,® provided the desired
isoquinolinone products in moderate to excellent yields
(Table 2). Benzyl (entry 1) and simple alkyl (entries 3—6)
substitutions provided the desired products in good yield. Aryl
(entries 2, 7—8) substituents provided good to excellent yields
under slightly modified conditions, necessitated by a reduced
reaction rate. Addition of an electron-withdrawing group on a
diene containing an N-benzyl substituent had minimal effect
(entry 9), whereas one containing an N-allyl substituent
provided the desired product in good yield (entry 10). In an
extension of our originally reported method, (E)-hexa-3,5-dien-
1-ol (1k), an intermediate in the synthesis of the amine
tethered dienes, also provided the corresponding lactone
product in good yield (entry 11). All analogues again showed
high endo selectivity with exo products being easily separable
and accounting for ca. 2—3% of the isolated yield. As discussed
above, researchers as early as B110v1c and more comprehen-
sively demonstrated by Zylber'> had carried out analogous
intramolecular Diels—Alder reactions at room temperature with
furan-based dienophiles, particularly under neat or highly
concentrated conditions; the reaction rate enhancement of the
unconstrained dienes examined here through the simple
expedient of minimizing solvent is both remarkable and
convenient for gram-scale preparation of isoquinolinones 2.

We also examined examples using citraconic anhydride and
phenyl maleic anhydride as dienophiles (Scheme S). Not
surprisingly, the reactions were slower than those observed with
maleic anhydride, necessitating higher temperatures for good
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Table 2. Reaction Scope

DCM (0.5 mL)
0 °C (10 min), then

025 °C over 10 N
min
X + o H
N Elé
‘R 5
1a-j 2a-j
entry series R conditions® yield” (%)
1 a —CH,Ph A 83
2 b —Ph B 70¢
3 c —CHy-¢c-CeH11 A 76
4 d c-CgHqy A 57
5 e n-Bu A 92
6 f t-Bu A 43
7 g p-methoxyphenyl C 98¢
8 h 2,4,6-trimethylphenyl C 72¢
9 i 2-fluorobenzyl A 75
10 j allyl A 86
11 = D 81°
A
OH
1k

“Reaction conditions: A: as given above. B: 90 min at 40 °C. C: 120 min at 40 °C. D: 75 min at 25 °C. bAverage of three runs, except where noted.

“Results for a single run only.

Scheme §

DCE (1 mL), 60 °C, 8 h
53%

NHBn

1a

DCE (1 mL), 60 °C, 8 h
60%

conversions. After 8 h in minimal dichloroethane (DCE) at 60
°C, a single major product was isolated from each reaction
along with small amounts of related material, presumably
representing other isomers. The citraconic anhydride reaction
provided 4 in 53% yield, while the phenyl maleic anhydride
reaction provided the regioisomeric S5 in 60% yield. These
results are consistent with literature reports that acylation of
citraconic anhydride occurs at the less hindered carbonyl, while
attack at the more hindered position is favored for phenyl-
maleic anhydride.”> The structures of 4 and § were confirmed
by X-ray diffraction analysis.

Mechanistic Observations. Early attempts to isolate
reaction intermediates from reactions carried out under the
originally reported conditions (1.5 h, 165 °C, MW)> were
inconclusive. In most cases, no intermediates were isolated,
although at the time we favored a mechanism involving initial
Diels—Alder reactions at the high reaction temperatures. In
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contrast, NMR monitoring of reactions conducted at room
temperature in CDCl; clearly shows that an initial acylation
reaction occurs first to provide amido acid 3, which is then
followed by an intramolecular Diels—Alder cycloaddition
(Figure 1). The intermediacy of 3 was evident by the
observation of downfield-shifted diene protons in a spectrum
obtained upon the addition of maleic anhydride to diene 1g and
immediately placing the sample into the spectrometer (Figure
1). This new intermediate was converted to the isoquinolinone
product over varying time intervals. This sequence of events is
consistent with the mechanism first clearly elucidated by Zylber
and colleagues."

We noted an interesting dependence on the rate of the
Diels—Alder reaction on the nitrogen substituent of diene 1,
with N-alkyl-containing examples being complete within 5—20
min but N-aromatic substrates proceeding at a much slower
rate. For example, the intermediate arising from N-p-
methoxyphenyl-containing diene 1g shown in Figure 1 took
over 24 h for the disappearance of intermediate 3g at room
temperature. Alternatively, heating at 40 °C for 1.5-2 h was
sufficient for the complete conversion of less reactive aryl
substrates like 1b, 1g, and 1h. As clearly indicated in Figure 1,
the acylation is complete essentially immediately upon addition
of the reagents. Nonetheless, to confirm that the observed rate
differences could not be due to temperature differences
resulting from different exotherms during the acylation step,
dienes 1a (N-benzyl) and 1b (N-phenyl) were separately
dissolved in CDCl; (0.41 mmol diene, 0.25 mL CDCl;; this
slight dilution of the standard conditions was necessary for
NMR lock and shimming at lower temperatures) and kept at
—5 °C (see Supporting Information). Maleic anhydride (0.45
mmol) was then added, and reaction monitoring began at —$
°C and continued at S min intervals as the reaction was warmed
from 0 to 25 °C. Although the MA adduct 3 intermediately
formed at —5 °C for both substrates, the N-benzyl example 3a
began to convert to product at —5 °C, while the N-phenyl
analogue 3b showed no change over this time period. After 2 h

DOI: 10.1021/acs.joc.5b00804
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Figure 1. NMR monitoring of the reaction of 1g (where R = p-methoxyphenyl) with MA in CDCl,.

at 25 °C, the reaction of 3a was nearly complete, while 3b
demonstrated limited product formation even after 6 h. Thus, it
is clear that the rate differences between the two broad series of
substrates arise from a slower Diels—Alder reaction of N-aryl
than N-alkyl amides. Accordingly, we carried out a DFT study
of the transition state to determine the molecular features
associated with this rate difference.

Modeling of Transition Structures. Amides 3a (IV-
benzyl) and 3b (N-phenyl) were subjected to conformational
searching using Spartan 10,>* and each prospective conformer
was optimized with the Merck Molecular Mechanics Force
Field (MMFE);*® conformers with energies greater than 50
kcal/mol above the lowest energy conformer were rejected.
The generated MMFF conformers were then optimized at the
MO06-2X/6-31+G(d,p)*® level of theory in Gaussian 09.>” This
resulted in six conformers of 3a within 3 kcal/mol of the lowest
energy conformer, but a single conformer of 3b was found to be
>3 kcal/mol lower in energy than all others (only the two
lowest-energy conformers, which represent ca. 77% of the
overall sample, are discussed in detail below; see Supporting
Information for all computed conformers). In addition,
transition state conformations TS1 and TS2 were generated
in a similar manner, with the constraint that the two forming
bonds were frozen at 2.20 A for the MMFF optimizations. This
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constraint was lifted for the HF/3-21G transition state
optimizations and subsequent M06-2X/6-31+G(d,p) transition
state optimizations. Frequency calculations were performed on
all stationary structures to verify that each was a minimum or
transition state structure.

Low energy conformers 3a-A, 3a-B, and 3b-B each contain
m-stacking interactions between the dienophile and the s-trans-
diene (Figure 2). Conformer 3b-A lacks this interaction. In this
case, the m-stacking arrangement would incur a steric effect
between an ortho substituted hydrogen on the N-phenyl ring
and an internal hydrogen of the diene (while also eclipsing the
ethylene tether; top right in Figure 2). Furthermore, the
observation that a cis relationship of the carbonyl group and the
phenyl group only appears in the relatively high-energy (4.8
kecal/mol) conformer 3b-B highlights an enhanced preference
for N-aryl-N-alkyl substituted amides to adopt a conformation
in which the carbonyl and aryl groups are trans to one another.
Although the conformational preferences of most tertiary
amides simply reflect the size differential between the two
nitrogen substituents at equilibrium,”® N-aryl-N-alkyl acet-
amides are known to favor the trans-aryl conformations at
equilibrium.29 For comparison, N-methyl-N-phenylformamide
was also optimized and favors the isomer where the carbonyl
and phenyl are trans by 2.3 kcal/mol (Saito calculated a similar

DOI: 10.1021/acs.joc.5b00804
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Figure 2. Two lowest energy conformers of 3a and 3b. Relative free
energies shown were calculated using M06-2X/6-31+G(d,p).

preference for N-methyl-N-phenylacetamide at 3.5 kcal/
mol*®). Gschwend has discussed the effect of N-H vs N-
alkyl-substituted amide conformations on the rates of intra-
molecular Diels—Alder reactions,® and Mellor reported
intramolecular Diels—Alder reactions of both alkyl- and aryl-
substituted amides but without commenting on their relative
rates.'” Here, we propose that the relative stability of
nonreactive trans-aryl conformations could be one factor in
slowing the intramolecular Diels—Alder reaction of 3b relative
to 3a. The consideration of amide bond geometry is related to
the observed rate decrease of ester tethered trienes versus their
amide counterparts due to preference for the transoid
conformer (Table 2, entry 11).*'

Rotation around the s-trans single bond of the diene in both
3a and 3b affords the lowest energy Diels—Alder transition
state structures for each reaction (Figure 3). Both the N-Bn and

) 7«) 9
-3 0/0 .7/
o] [ =) \%
TS1 TS2 »

AG* =21.1 kcal/mol AGt =249 kcal/mol

Figure 3. Lowest energy transition state structures for the N-Bn
substituted (TS1) and N-Ph substituted (TS2) reactions. The free
energy barriers shown are at the M06-2X/6-31+G(d,p) level relative to
reactant conformers 3a-A and 3b-A, respectively.

N-Ph groups prefer to be cis to the carbonyl group to allow the
tether to orient the core structure into a conformation
productive for cycloaddition. The diene and dienophile adopt
the boat transition state geometry associated with transition
state structures for concerted Diels—Alder reactions, and the
newly formed ring (with the tether) also contains a boat-like
geometry.>> Overall, the AAG¥ of 3.8 favoring TS1 over TS2
recapitulates the experimental observation of faster Diels—Alder
steps for N-alkyl vs N-aryl amides and, combined with the
relatively fast and therefore non-rate-limiting amide formation
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step in both examples, the overall domino conversion of dienes
1 plus MA to afford isoquinolinones 3.

"H NMR analyses of the six conformers within 3 kcal/mol of
3a and conformers 3b-A and 3b-B were performed usin§ the
linear scaling approach advocated for by Bally and Rablen® and
Lodewyk et al>* The Boltzman-weighted mean absolute
deviation (MAD) and the MAD of the lowest energy
conformer for the N-benzyl system were compared to the
experimentally determined 'H chemical shifts (see Supporting
Information). As expected, the weighted average MAD was less
than the MAD of the lowest energy conformer. Additionally,
the 'H chemical shifts for the lowest energy conformer of both
systems matched the experimental spectra best. No weighted
average was performed on 3b since the closest free energy
minimum to 3b-A is 3b-A, which is 4.8 kcal/mol higher in
energy. On the basis of the 'H NMR data, it appears that the
key to the lower barrier for TS1 is the conformational
preorganization of the reactant, 1.

Effect of Aryl Group Substitution. A series of calculations
(vide infra) suggested that N-aryl group substitution would
have a measurable impact on the relative rates of the
intramolecular Diels—Alder reactions. There is limited literature
on the effect of aryl substitution of N-arylanilides on Diels—
Alder kinetics, even when embedded in the common N-
phenylmaleimide dienophile.>> We thought this matter of
general interest due to the relative distance between the
electronically differentiated aryl group and the reactive
dienophile.

First, a Hammett-like*® plot was generated computationally
for TS2 with various para substituents on the N-phenyl ring
(Figure 4). A perfluoronated N-phenyl ring was also examined,

Free Energy ) 2
Barrier PR 527;? ?
AG* P DL
R=NH, ® (kcal/mol) 211 ”"}mj,—
T -y
m 25 Bt A
=
» R=Me MRgr-y
150 2 - y =-1.7495x + 24.375
9@ g R = OMe R=F R?=0.73238
[ ‘/' 549 =
2% 9 24
¥ 2.39
vde-eg d
26 = 22.1 keal/mol
(N-CeFg)
606 23
os
s 0
B
22
-0.8 -0.6 0.4 -0.2 0 0.2 0.4 0.6 0.8 1

o value

Figure 4. Computationally predicted Hammett plot for the reaction
proceeding through TS2.

which gave a predicted free-energy barrier of 22.2 kcal/mol.
The negative slope of this plot is consistent with a decrease of
positive charge increase in the transition state on the
dienophile. The slope is small, however, and predicts a
relatively small rate enhancement when electron-withdrawing
groups are substituted on the N-phenyl ring. Interestingly, as
the o-value increases, so does the overlap of the 7-system of the
N-phenyl ring with the amide z-system (see the highlighted
dihedral angles in Figure 4).

Additional substituted-aryl substrates were then synthesized
to compare to the results suggested through modeling (Table

DOI: 10.1021/acs.joc.5b00804
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3). Although initial gNMR experiments were performed, it was
quickly realized that a single scan of the concentrated, nearly

Table 3. Conversion Times of Substituted N-aryl Domino
Reactions

= 0]
XN +
s
N
(e}

NMR experiments, 60 °C,
d-DCE w/ TMS

monitored at 400 MHz,
single scan every 2 min

R
R
1b, g, I-q
time to conversion (min)

starting material R 10% 25% 50% 75%

1l p-NMe, 21 53 85 NA“

1g p-OMe 23 s3 89 185

1m 0-OMe 11 25 41 NA“

1n m-OMe 9 15 21 35

1b H 15 29 49 NA®

1o m-F 6 9 13 24

Ip o-F <5 7 11 21

1q p-F 6 13 17 28

“NA: experiment was discontinued before the time point was
established.

neat solution without steady state scans provided clear spectra
that are quantitative. Direct observation through a NMR time
course utilizing a fixed delay between scans provided a reaction
profile with data points every 2 min under slightly modified
nearly neat conditions (60 °C, d-dichloroethane, 1.75SM). The
reactions were tracked according to percent conversion and the
results displayed in Table 3. As shown, the substrates followed
the expected distribution with reference to our hypothesis. We
note that the meta- and para-nitro substrates were also
attempted but had significant conversion before the load,
lock, and shim sequence could be finished (~S min) and so are
not included in Table 3.

B CONCLUSIONS

The combined acylation of amino dienes with MA, followed by
an intramolecular Diels—Alder reaction, is a domino sequence
of high synthetic potential but one that has only recently been
examined outside the specialized use of furan dienes. In this
article, we show that carrying out the overall reaction under
low-solvent conditions dramatically reduces the temperature
needed for synthetically useful conversions and improves the
scalability of the process. While low-solvent conditions have
obvious value*’ (and have particularly found utility in the many
guises of the Diels—Alder reaction®®), the present work notably
demonstrates a clear kinetic advantage of nearly neat conditions
over more traditional reaction concentrations and permits us to
use extremely simple reaction conditions to provide a valuable
class of hetereocycles on a multigram scale.

Examination of the reaction course by NMR supports a
mechanism involving a fast, initial acylation reaction followed
by a subsequent intramolecular Diels—Alder reaction. This
stands in contrast to a domino Diels—Alder/lactonization
sequence recently reported by Romo,””” in which the Diels—
Alder step took the lead, but is consistent with the closely
related reactions as elucidated by Zylber."> The rate of the
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cycloaddition step was shown to strongly depend on the nature
of the nitrogen atom substituent on the starting amino diene,
with N-alkyl examples undergoing rapid Diels—Alder reactions
and N-aryl versions taking much longer to go to completion.
DFT studies qualitatively reproduced these results and suggest
that the faster N-alkyl versions benefit from a greater degree of
preorganization in the triene Diels—Alder substrates. Other
researchers have noted conformational effects arising from N-
arylanilide linkers on Diels—Alder,*” radical,* and other*!
reactions, suggesting that our observations may be generalizable
to other intramolecular reactions. Finally, we note that a DFT
study predicted the dependence of reaction rates on the N-
phenyl substituent, which was only subsequently confirmed by
experiment (a recently published perspective article discusses
the upside potential of using theory to inform experimental
design®).

B EXPERIMENTAL SECTION

General. Chemicals were used as received from commercial
vendors with no additional purification. (E)-N-(Hexa-3,5-dien-1-
yl)cyclohexanamine (1d) and (E)-N-butylhexa-3,5-dien-1-amine (1e)
were prepared as previously reported.” (E)-3,5-Hexadien-1-ol (1k) was
prepared as reported by Miller and Batey.* (E)-Hexa-3,5-dien-1-yl
methanesulfonate and (E)-N-benzylhexa-3,5-dien-1-amine (la) were
prepared as reported by Plietker et al.** “Wet” ether eluent refers to
buffered acetic acid ether eluent (9:1:0.1 diethyl ether/0.5 M aqueous
KH,PO,/acetic acid) as reported by Taber et al.** Infrared (IR)
spectra were acquired from a thin film with absorptions reported in
cm™'. High-resolution mass spectra (HRMS) were obtained using
[EST*] and TOF. Microwave synthesis experiments were carried out
using a Biotage Initiator apparatus with internal temperature detection.

(E)-N-Substituted-hexa-3,5-dien-1-amines. General Proce-
dure. (E)-Hexa-3,5-dien-1-yl methanesulfonate (22.7 mmol) was
added to an oven-dried 20 mL microwave vial. Acetonitrile (4.0
mL) was added, followed by amine (68.2 mmol). The reaction was
then capped and heated by microwave to 130 °C for 60 min. The
reaction was diluted with 1 N NaOH (75 mL) and extracted with
DCM (2 X 75 mL). The organic layers were combined, dried over
sodium sulfate, filtered, and concentrated. The oily residue was
purified by chromatography to provide the product.

(E)-N-Benzylhexa-3,5-dien-1-amine (1a, 44 Light yellow oil; yield
3.74 g (88%); R; = 0.36 (EtOAc). IR (film): 1582 cm™". 'H NMR
(400 MHz, CDCl,) § 7.38—7.22 (m, 4H), 7.24—7.11 (m, 1H), 6.39—
6.16 (dt, ] = 16,9, 10.2 Hz, 1H), 6.14—5.97 (m, 1H), 5.69—5.55 (dt, J
=15.2,7.1 Hz, 1H), 5.11-5.00 (d, ] = 16.9 Hz, 1H), 5.00—4.84 (d, ] =
10.0 Hz, 1H), 3.83—3.66 (s, 2H), 2.71-2.61 (t, ] = 6.8 Hz, 2H), 2.33—
2.16 (q, ] = 6.9 Hz, 2H). *C NMR (101 MHz, CDCl;) § 140.3, 1364,
132.7, 132.4, 128.4, 128.1, 126.9, 115.5, 53.9, 48.5, 33.1. HRMS: m/z
caled for C53H N, 188.1439; found, 188.1440.

(E)-N-(Hexa-3,5-dien-1-yl)aniline ( 1b).° Light red oil; yield 2.51 g
(64%); R; = 0.71 (hexanes/EtOAc, 3:1). IR (film): 1602 cm™. 'H
NMR (400 MHz, CDCl;) § 7.22—7.13 (m, 2H), 6.78—6.66 (tt, ] = 7.3,
1.0 Hz, 1H), 6.66—6.56 (m, 2H), 6.43—6.24 (dt, ] = 16.9, 10.2 Hz,
1H), 6.24—6.08 (m, 1H), 5.80—5.62 (dt, ] = 15.1, 7.1 Hz, 1H), 5.22—
5.09 (d, J = 16.9 Hz, 1H), 5.09—4.95 (d, ] = 10.1 Hz, 1H), 3.82—3.55
(br s, 1H), 3.28-3.16 (t, ] = 6.8 Hz, 2H), 2.50-2.35 (q, ] = 6.8 Hz,
2H). 3C NMR (101 MHz, CDCl,) § 148.1, 136.8, 133.3, 131.6, 129.3,
117.5, 116.0, 112.9, 43.2, 32.5. HRMS: m/z caled for C;,H;4N,
174.1283; found, 174.1295.

(E)-N-(Cyclohexylmethyl)hexa-3,5-dien-1-amine (1c). Orange oil;
yield 3.05 g (70%); R; = 0.45 (MeOH/EtOAc, 1:1). IR (film): 1603
cm™. "H NMR (400 MHz, CDCl;) § 6.39—6.21 (dt, ] = 16.9, 10.2 Hg,
1H), 6.21—6.00 (m, 1H), 5.77—5.56 (dt, J = 15.1, 7.1 Hz, 1H), 5.17—
5.04 (d, J = 18.0 Hz, 1H), 5.04—4.87 (d, ] = 10.7 Hz, 1H), 2.72—2.57
(t, ] = 7.0 Hz, 2H), 2.48—2.35 (d, ] = 6.7 Hz, 2H), 2.34—2.20 (q, ] =
6.9 Hz, 2H), 1.76—1.64 (m, SH), 1.48—1.39 (m, 1H), 1.29—1.10 (m,
4H), 0.94—0.79 (m, 2H). *C NMR (101 MHz, CDCl;) § 137.0,
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132.61, 132.55, 115.3, 56.7, 49.4, 38.0, 33.2, 31.5, 26.7, 26.1. HRMS:
m/z caled for C3H,,N, 194.1908; found, 194.1912.

(E)-N-(tert-Butyl)hexa-3,5-dien-1-amine (1f). Yellow oil; yield 998
mg (29%); R; = 0.15 (MeOH/EtOAg, 1:1). IR (film): 1558 cm™". 'H
NMR (400 MHz, CDCL;) § 6.35—6.26 (dt, J = 16.9, 10.2 Hz, 1H),
6.18—6.09 (m, 1H), 5.72—5.60 (dt, J = 15.2, 7.0 Hz, 1H), 5.16—5.07
(d, J = 16.9 Hz, 1H), 5.03—4.95 (d, J = 10.1 Hz, 1H), 2.86—2.78 (br s,
1H), 2.70—2.59 (t, ] = 7.2 Hz, 2H), 2.35—2.25 (q, ] = 7.2, 1.4 Hz, 2H),
1.18—1.07 (s, 9H). *C NMR (100 MHz, CDCl;) § 137.0, 132.8,
132.2, 115.6, 50.9, 41.7, 33.3, 28.6. HRMS: m/z caled for C,;H,N,
154.1596; found, 154.1592.

(E)-N-(Hexa-3,5-dien-1-yl)-4-methoxyaniline (1g). Red oil; yield
2.97 g (64%); R; = 0.49 (hexanes/EtOAc, 4:1). IR (film): 1602 cm™".
'"H NMR (400 MHz, CDCL,) § 6.86—6.70 (m, 2H), 6.65—6.51 (m,
2H), 6.43—6.23 (dt, ] = 16.9, 10.2 Hz, 1H), 6.23—6.05 (m, 1H), 5.78—
5.58 (dt, J = 15.1, 7.1 Hz, 1H), 5.23—5.08 (d, J = 18.0 Hz, 1H), 5.08—
4.92 (d, J = 10.1 Hz, 1H), 3.83—3.66 (s, 3H), 3.23—3.06 (t, ] = 6.7 Hz,
2H), 2.50—2.30 (q, J = 6.7 Hz, 2H). C NMR (100 MHz, CDCl;) §
152.2, 142.4, 136.8, 133.2, 131.7, 115.9, 114.9, 114.3, 55.8, 44.2, 32.5.
HRMS: m/z caled for C3H,{NO, 204.1388; found, 204.1400.

(E)-N-(Hexa-3,5-dien-1-yl)-2,4,6-trimethylaniline (1h). Light yel-
low oil; yield 3.95 g (81%); R;= 0.71 (hexanes/EtOAc, 4:1). IR (film):
1645 cm™. 'H NMR (400 MHz, CDCL;) 6 6.86—6.73 (s, 2H), 6.44—
6.26 (dt, ] = 16.8, 10.2 Hz, 1H), 6.26—6.09 (m, 1H), 5.83—5.63 (dt, J
=15.1, 7.2 Hz, 1H), 5.23—5.09 (d, ] = 16.9 Hz, 1H), 5.08—4.91 (d,] =
10.1 Hz, 1H), 3.10—2.94 (t, ] = 6.8 Hz, 2H), 2.46—2.28 (q, ] = 6.9 Hz,
2H), 2.27-2.21 (m, 9H). *C NMR (101 MHz, CDCl;) § 136.8,
133.3, 132.0, 131.2, 129.5, 129.4, 115.8, 47.9, 33.9, 20.6, 18.4. HRMS:
m/z caled for CsH,,N, 216.1752; found, 216.1763.

(E)-N-(2-Fluorobenzyl)hexa-3,5-dien-1-amine (1i). Yellow oil;
yield 3.42 g (73%); R; = 0.67 (MeOH/EtOAc, 1:1). IR (film): 1632
cm™". 'TH NMR (400 MHz, CDCl;) 6 7.40—7.28 (td, J = 7.5, 1.7 Hz,
1H), 7.26—7.16 (m, 1H), 7.14—7.06 (td, ] = 7.4, 1.2 Hz, 1H), 7.06—
6.92 (m, 1H), 1.54—1.45 (dt, ] = 16.9, 10.3 Hz, 1H), 6.40—6.20 (m,
1H), 5.73—5.59 (dt, ] = 14.8, 7.1 Hz, 1H), 5.19—5.04 (d, ] = 16.64 Hz,
1H), 5.04—4.91 (d, ] = 10.1 Hz, 1H), 3.93—3.76 (s, 2H), 2.79-2.61 (t,
J = 6.9 Hz, 2H), 2.38—2.20 (q, ] = 6.4 Hz, 2H), 1.54—1.42 (br s, 1H).
3C NMR (101 MHz, CDCl;) § 161.2 (d, ] = 244.0 Hz), 137.0, 132.7,
132.3,130.4 (d, J = 49 Hz), 128.6 (d, ] = 8.2 Hz), 127.2 (d, ] = 15.0
Hz), 124.0 (d, ] = 4.0 Hz), 115.5, 115.3 (d, ] = 22.0 Hz), 48.4, 47.2 (d,
] = 3.0 Hz), 33.1. HRMS: m/z calcd for C,3H;,FN, 206.1345; found,
206.1358.

(E)-N-Allylhexa-3,5-dien-1-amine (1j). Yellow oil; yield 1.87 g
(60%); R; = 023 (MeOH/EtOAc, 1:1). IR (film): 1646 cm™". 'H
NMR (400 MHz, CDCl;) § 6.43—6.20 (dt, ] = 16.9, 10.3 Hz, 1H),
6.20—6.03 (m, 1H), 6.02—5.78 (m, 1H), 5.76—5.57 (dt, ] = 15.2, 7.2
Hz, 1H), 5.24—5.04 (m, 3H), 5.04—4.87 (d, ] = 10.1 Hz, 1H), 3.33—
3.14 (dt, J = 6.0, 1.4 Hz, 2H), 2.76—2.62 (t, ] = 6.9 Hz, 2H), 2.38—
221 (q, ] = 6.3 Hz, 2H), 1.44—1.38 (br s, 1H). *C NMR (101 MHz,
CDClL,) 6 136.9, 136.5, 132.8, 132.3, 116.1, 115.5, 52.2, 48.4, 33.0.
HRMS: m/z caled for CoH 4N, 138.1283; found, 138.1285.

(E)-N-(Hexa-3,5-dien-1-yl)-N,N-dimethylbenzene-1,4-diamine
(11). Reddish-brown oil; yield 966 mg (20%); R;=0.70 (EtOAc/Hex,
1:1). 'H NMR (400 MHz, CDCl;) 6 6.81—6.75 (d, J = 8.8 Hz, 2H),
6.68—6.61 (d, ] = 8.3 Hz, 2H), 6.43—6.31 (dt, ] = 16.9, 10.2 Hz, 1H),
6.24—6.14 (m, 1H), 5.79-5.71 (dt, J = 15.2, 7.1 Hz, 1H), 5.21-5.14
(d, J = 16.9 Hz, 1H), 5.08—5.03 (d, ] = 10.1 Hz, 1H), 3.24-3.14 (t,] =
7.0 Hz, 2H), 2.86 (s, 6H), 2.47—2.40 (q, ] = 6.9 Hz, 2H). *C NMR
(101 MHz, CDCl,) 6 144.2, 140.7, 136.9, 133.1, 131.9, 115.9, 115.8,
114.6, 44.3, 42.3, 32.7. HRMS: m/z calcd for C,,H,N,+H, 217.1705;
found, 217.1723.

(E)-N-(Hexa-3,5-dien-1-yl)-2-methoxyaniline (1m). Light yellow
oil; yield 1.99 g (58%); Ry = 0.75 (EtOAc/Hex, 1:3). '"H NMR (400
MHz, CDCl;) § 6.95—6.89 (td, ] = 7.6, 1.4 Hz, 1H), 6.83—6.79 (dd, J
= 8.0, 1.4 Hz, 1H), 6.73—6.65 (m, 2H), 6.44—6.33 (dt, ] = 17.2, 10.2
Hz, 1H), 6.26—6.16 (m, 1H), 5.83—5.74 (m, 1H), 5.22—-5.16 (d, | =
16.9 Hz, 1H), 5.08—5.04 (d, J = 10.2 Hz, 1H), 4.31—4.22 (br s, 1H),
3.88 (s, 3H), 3.28—3.23 (t, ] = 6.9 Hz, 2H), 2.52—2.46 (q, ] = 7.0 Hz,
2H). *C NMR (101 MHz, CDCl;) § 146.9, 138.2, 136.9, 133.0, 131.8,

5267

121.3, 116.5, 115.7, 109.9, 109.5, 55.4, 43.1, 32.5. HRMS: m/z calcd
for C;3H,;;NO+H, 204.1388; found, 204.1398.

(E)-N-(Hexa-3,5-dien-1-yl)-3-methoxyaniline (1n). Dark yellow oil;
yield 1.54 g (45%); Ry = 0.63 (EtOAc/Hex, 1:3). "H NMR (400 MHz,
CDCly) 6 7.15-7.09 (t, ] = 8.1 Hz, 1H), 6.37—6.18 (m, SH), 5.78—
5.70 (m, 1H), 5.23—5.16 (d, J = 16.9 Hz, 1H), 5.10-5.0S5 (d, J = 10.1
Hz, 1H), 3.81 (s, 3H), 3.77—3.63 (br s, 1H), 3.25—3.20 (t, ] = 6.8 Hz,
2H), 2.49-2.42 (q, ] = 6.7 Hz, 2H). 3C NMR (101 MHz, CDCL;) §
160.9, 149.6, 136.8, 133.3, 131.6, 130.0, 116.0, 106.1, 102.5, 98.8, 55.1,
43.2, 32.4. HRMS: m/z caled for C3H;NO+H, 204.1388; found,
204.1408S.

(E)-3-Fluoro-N-(hexa-3,5-dien-1-yl)aniline (10). Yellow oil; yield
117 g (36%); R; = 0.72 (EtOAc/Hex, 1:3). '"H NMR (400 MHz,
CDCly) 6 7.15-7.09 (m, 1H), 6.42—6.31 (m, 4H), 6.24—6.16 (m,
1H), 5.78—5.69 (dt, J = 15.2, 7.1 Hz, 1H), 5.24—5.16 (d, ] = 17.0 Hz,
1H), 5.11-5.04 (d, ] = 10.2 Hz, 1H), 3.87—3.74 (br s, 1H), 3.23—3.17
(t, J = 6.8 Hz, 2H), 2.50-2.42 (q, ] = 6.8 Hz, 2H). 3C NMR (101
MHz, CDCl;) § 164.2(d, ] = 241.1 Hz), 150.0 (d, J = 10.8 Hz),
136.71, 133.44, 131.24, 130.3 (d, J = 10.3 Hz), 116.16, 108.7 (d, ] =
2.3 Hz), 103.7 (d, J = 21.8 Hz), 99.4 (d, ] = 25.4 Hz), 43.01, 32.27.
HRMS: m/z caled for C,H,FN+H, 192.1189; found, 192.1186.

(E)-2-Fluoro-N-(hexa-3,5-dien-1-yl)aniline (1p). Yellow oil; yield
129 g (40%); R; = 0.69 (EtOAc:Hex, 1:1). 'H NMR (400 MHz,
CDCl;) § 7.06—6.98 (m, 2H), 6.77—6.72 (m, 1H), 6.69—6.63 (m,
1H), 6.43—6.33 (dt, ] = 16.9, 10.2 Hz, 1H), 6.26—6.17 (m, 1H), 5.81—
5.72 (dt, J = 15.2, 7.1 Hz, 1H), 5.24—5.16 (d, ] = 15.0 Hz, 1H), 5.11—
5.03 (d, J = 10.2 Hz, 1H), 3.99—-3.89 (br s, 1H), 3.30—-3.25 (t, ] = 6.8
Hz, 2H), 2.52-245 (q, ] = 6.9 Hz, 2H). ®C NMR (101 MHyg,
CDCl,) 6 151.6 (d, ] = 239.2 Hz), 136.8, 136.7 (d, ] = 11.6 Hz), 133.4,
131.2, 124.6 (d, ] = 3.5 Hz), 116.6 (d, ] = 7.0 Hz), 116.1, 1144 (d, ] =
18.5 Hz), 112.1(d, J = 3.4 Hz), 42.9, 32.4. HRMS: m/z calcd for
C,H,,FN+H, 192.1189; found, 192.1187.

(E)-4-Fluoro-N-(hexa-3,5-dien-1-yl)aniline (1q). Reddish oil; yield
1.92 g (61%); Ry = 0.69 (EtOAc/Hex, 1:3). '"H NMR (400 MHz,
CDCl,) 6 6.95—6.88 (m, 2H), 6.60—6.55 (m, 2H), 6.43—6.31 (dt, ] =
17.2, 10.2 Hz, 1H), 6.24—6.14 (m, 1H), 5.78—5.69 (dt, J = 15.1, 7.2,
1H), 5.23-5.15 (d, ] = 17.0 Hz, 1H), 5.09—5.04 (d, ] = 10.2 Hz, 1H),
3.65—3.40 (brs, 1H), 3.22—3.16 (t, ] = 6.7 Hz, 2H), 2.48—2.41 (q, ] =
6.8 Hz, 2H). 3C NMR (101 MHz, CDCl,) § 155.8 (d, ] = 235.6 Hz),
144.5 (d, J = 2.0 Hz), 136.8, 133.4, 131.5, 116.1, 115.8, 115.5, 113.8,
113.7, 43.8, 32.4. HRMS: m/z caled for C,,H,FN+H, 192.1189;
found, 192.1188.

2-Substituted-1-oxo0-1,2,3,4,4a,7,8,8a-octahydroisoquino-
line-8-carboxylic Acid. General Procedures. Conditions A. The N-
substituted amine diene (2.5 mmol) was added to a round-bottomed
flask, dissolved in dichloromethane (0.5 mL), and cooled to 0 °C in an
ice bath. The maleic anhydride (2.75 mmol, 270 mg) was then
weighed and added in one portion to the diene solution. The resulting
mixture was maintained at 0 °C for 10 min, then the ice bath was
removed and the reaction allowed to warm at room temperature for an
additional 10 min. The reaction was then immediately diluted with
dichloromethane (2.0 mL) and loaded directly onto a silica gel
column. Product isolation occurred by gradient elution with 0—100%
hexanes/“wet” ether.

Conditions B. The protocol for conditions A was followed, then
heated to 40 °C for 90 min.

Conditions C. The protocol for conditions A was followed, then
heated to 40 °C for 120 min.

Conditions D. The protocol for conditions A was followed except
that once the ice bath was removed, the reaction was allowed to stir at
room temperature for 75 min.

2-Benzyl-1-ox0-1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-car-
boxylic Acid (2a).® Clear crystalline solid; yield 597 mg (84%); Mp
158—161 °C; Ry = 0.46 (“wet” ether). IR (film): 2924, 1703 cm™". 'H
NMR (400 MHz, CDCl;) § 7.40—7.24 (m, 3H), 7.23—7.09 (m, 2H),
5.98—-5.77 (m, 1H), 5.67—5.43 (d, J = 10.0 Hz, 1H), 4.79—4.62 (d,] =
14.6 Hz, 1H), 4.58—4.43 (d, J = 14.6 Hz, 1H), 3.31-3.19 (dd, ] = 5.6,
2.4 Hz, 1H), 3.19-3.06 (m, 2H), 2.96—2.87 (ddd, ] = 11.6, 5.6, 2.5
Hz, 1H), 2.87—2.76 (br s, 1H), 2.53—2.28 (m, 2H), 2.07—1.92 (m,
1H), 1.92—1.80 (dg, J = 14.0, 3.6 Hz, 1H). *C NMR (101 MHz,
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CDClL,) 6 175.8, 171.9, 135.9, 129.5, 128.7, 127.8, 127.7, 127.5, 51.0,
45.3, 44.0, 41.3, 34.8, 27.0, 25.6. HRMS: m/z caled for C;,H,NO;,
286.1443; found, 286.1466.
1-Oxo0-2-, phenyl 1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-car-
boxylic Acid (2b).° White solid; yield 474 mg (70%); Mp 199—204
°C; Ry = 0.45 (“wet” ether). IR (film): 3004, 1702 cm™'. 'H NMR
(400 MHz, CDCl;) § 7.50—7.36 (m, 2H), 7.36—7.28 (tt, ] = 7.4, 1.4
Hz, 1H), 7.20—7.05 (m, 2H), 6.06—5.92 (m, 1H), 5.75-5.56 (d, ] =
10.0 Hz, 1H), 3.70-3.55 (td, J = 12.6, 4.5 Hz, 1H), 3.55—3.43 (m,
1H), 3.39-3.26 (dd, ] = 5.3, 2.4 Hz, 1H), 3.00-2.86 (m, 2H), 2.55—
2.37 (m, 2H), 2.25-2.11 (m, 1H), 2.06—1.93 (dtd, J = 13.8, 4.2, 1.9
Hz, 1H). *C NMR (101 MHz, CDCL,) 6 175.5, 172.4, 142.1, 129.7,
129.5, 127.8, 127.3, 126.1, 48.4, 45.1, 41.7, 34.8, 27.3, 25.4. HRMS: m/
z caled for C,¢H (NO;, 272.1287; found, 272.1297.
2-(Cyclohexylmethyl)-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoqui-
noline-8-carboxylic Acid (2c). White solid; yield 572 mg (79%); Mp
82—84 °C; R = 0.44 (“wet” ether). IR (film): 2923, 1705 em™. 'H
NMR (400 MHz, CDCl;) § 6.00—5.80 (m, 1H), 5.66—5.45 (dd, ] =
10.0, 1.6 Hz, 1H), 3.50—3.36 (dd, J = 13.3, 8.6 Hz, 1H), 3.36—3.20
(td, J = 12.6, 4.8 Hz, 1H), 3.20—3.08 (m, 2H), 3.08—2.97 (dd, J =
13.3, 6.7 Hz, 1H), 2.97-2.86 (ddd, | = 12.3, 4.8, 2.3 Hz, 1H), 2.86—
2.73 (br s, 1H), 2.49—2.37 (m, 1H), 2.37-2.19 (m, 1H), 2.06—1.83
(m, 2H), 1.80—1.48 (m, 6H), 1.24—1.08 (m, 3H), 1.00—0.84 (m, 2H).
13C NMR (101 MHz, CDCL,) § 175.5, 172.1, 129.7, 127.5, 54.3, 46.1,
45.2, 40.9, 35.5, 34.8, 30.9, 30.3, 27.1, 26.3, 25.9, 25.74, 25.67. HRMS:
m/z caled for C;H,,NO;, 292.1913; found, 292.1935.
2-Cyclohexyl-1- -0X0- 1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-
carboxylic Acid (2d).> White solid; yield 389 mg (56%); Mp 167—169
°C; Ry = 048 (“wet” ether). IR (film): 2927, 1704 cm™. '"H NMR
(400 MHz, CDCl,) 6 5.98—5.76 (m, 1H), 5.64—5.43 (d, ] = 9.9 Hz,
1H), 4.53—4.27 (m, 1H), 3.26—3.15 (dt, ] = 12.4, 4.0 Hz, 1H), 3.15—
2.97 (m, 2H), 2.92—2.81 (ddd, 12.2, 5.1, 2.7 Hz, 1H), 2.81-2.69 (br s,
1H), 2.48—2.19 (m, 2H), 1.93—1.49 (m, 7H), 1.43—1.22 (m, 4H),
1.18—0.89 (m, 1H). ®C NMR (101 MHz, CDCL,) § 176.1, 171.1,
129.5, 127.2, 53.9, 45.6, 41.4, 38.3, 34.1, 29.5, 29.4, 27.1, 25.63, 25.55,
25.5. HRMS: m/z caled for C,¢H,,NO;, 278.1756; found, 278.1770.
2-Butyl-1 -0x0- 1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-carbox-
ylic Acid (2e).” White solid; yield 593 mg (95%); Mp 122—124 °C; R,
= 0.34 (“wet” ether). IR (film): 2929, 1709 cm™". 'H NMR (400 MHz,
CDCl,) 6 5.85—5.66 (m, 1H), 5.54—5.39 (d, ] = 10.0 Hz, 1H), 3.41—
3.31 (m, 1H), 3.22—2.96 (m, 4H), 2.77—2.56 (m, 2H), 2.31-2.04 (m,
2H), 1.99-1.67 (m, 2H), 1.46—1.25 (m, 2H), 1.25—1.05 (m, 2H),
0.85—0.66 (t, ] = 7.3 Hz, 3H). '*C NMR (101 MHz, CDCL,) § 176.7,
170.7, 129.1, 127.5, 47.5, 44.3, 44.1, 41.4, 34.5, 28.7, 26.9, 24.9, 19.8,
13.7. HRMS: m/z caled for C,,H,,NO;, 252.1600; found, 252.1614.
2-(tert-Butyl)-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-
carboxylic acid (2f). Clear crystalline solid; yield 276 mg (44%); Mp
142—143 °C; Ry = 0.60 (“wet” ether). IR (film): 2923, 1704 cm™". 'H
NMR (400 MHz, CDCl,) § 5.96—5.76 (m, 1H), 5.61-5.42 (d, ] =
10.2 Hz, 1H), 3.43—3.27 (dt, ] = 12.6, 4.2 Hz, 1H), 3.21-3.05 (m,
2H), 2.91-2.78 (ddd, ] = 12.0, 5.0, 2.4 Hz, 1H), 2.78—2.63 (br s, 1H),
2.48—2.21 (m, 2H), 1.90—1.79 (m, 2H), 1.44—1.33 (s, 9H). *C NMR
(101 MHz, CDCL,) § 176.6, 172.8, 129.3, 127.3, 59.3, 45.8, 42.9, 40.8,
33.9, 28.1, 27.7, 25.5. HRMS: m/z caled for C;,H,,NO;, 252.1600;
found, 252.1607.
2-(4-Methoxyphenyl)-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquino-
line-8-carboxylic Acid (2g). Off-white solid; yield 746 mg (98%); Mp
183—188 °C; Ry = 0.31 (“wet” ether). IR (film): 2931, 1704 cm™". 'H
NMR (400 MHz, CDCl;) 6 7.11—6.99 (m, 2H), 6.94—6.83 (m, 2H),
6.02—5.89 (m, 1H), 5.70-5.58 (d, J = 10.0 Hz, 1H), 3.83—3.72 (s,
3H), 3.61-3.49 (td, ] = 12.5, 4.36 Hz, 1H), 3.48—3.37 (dd, ] = 124,
5.1 Hz, 1H), 3.37—3.27 (dd, ] = 5.4, 2.6 Hz, 1H), 2.98—2.80 (m, 2H),
2.47-2.32 (m, 2H), 2.24-2.08 (m, 1H), 2.04—1.88 (m, 1H). *C
NMR (101 MHz, CDCl;) § 175.8, 172.4, 158.8, 134.9, 129.6, 127.4,
127.1, 114.7, 55.5, 48.6, 45.0, 41.7, 34.8, 27.3, 25.4. HRMS: m/z calcd
for C;;H,,NO,, 302.1392; found, 302.1407.
2-Mesityl-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-car-
boxylic Acid (2h). White solid; yield 565 mg (72%); Mp 228—230 °C;
Ry = 0.37 (“wet” ether). IR (film): 2923, 1707 em™". 'H NMR (400
MHz, CDCl;) § 7.00—6.83 (d, J = 12.4 Hz, 2H), 6.08—5.94 (m, 1H),
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5.80—5.65 (d, ] = 10.0 Hz, 1H), 3.57—341 (td, ] = 7.8, 4.8 Hz, 1H),
3.34—3.24 (m, 1H), 3.24—3.15 (dd, J = 13.0, 5.6 Hz, 1H), 3.09—2.98
(ddd, J = 12.2, 5.0, 2.3 Hz, 1H), 2.98—2.87 (br s, 1H), 2.60—2.34 (m,
2H), 2.31-2.22 (s, 3H), 2.21-2.10 (m, 4H), 2.10—1.97 (m, 4H). ’C
NMR (101 MHz, CDCLy) § 175.1, 172.3, 1383, 136.5, 134.1, 133.6,
130.0, 129.7, 129.6, 127.9, 46.3, 46.1, 41.1, 35.0, 27.5, 26.2, 21.0, 17.3,
17.1. HRMS: m/z caled for C,oH,,NO;, 314.1756; found, 314.1771.
2-(2-Fluorobenzyl)-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquino-
line-8-carboxylic Acid (2i). White solid; yield 577 mg (76%); Mp
170—172 °C; Ry = 0.53 (“wet” ether). IR (film): 2929, 1704 cm™". 'H
NMR (400 MHz, CDCL,) § 7.27—7.14 (m, 2H), 7.12—7.06 (td, J =
7.5, 1.2 Hz, 1H), 7.06—6.99 (m, 1H), 5.95—5.79 (m, 1H), 5.59—5.46
(d, ] = 10.1 Hz, 1H), 4.84—4.69 (d, ] = 14.9 Hz, 1H), 4.62—4.44 (d, ]
= 14.9 Hz, 1H), 3.27-3.22 (m, 1H), 3.22—-3.12 (m, 2H), 2.95-2.76
(m, 2H), 2.49—2.26 (m, 2H), 2.08—1.92 (m, 1H), 1.92—1.79 (m, 1H).
3C NMR (101 MHz, CDCL,) 6 176.2, 171.8, 161.0 (d, ] = 244.9 Hz),
130.1 (d, J = 3.9 Hz), 129.5, 129.4 (d, ] = 8.1 Hz), 1274, 1244 (d,] =
3.5 Hz), 123.0 (d, J = 14.8 Hz), 115.3 (d, ] = 21.6 Hz), 44.7, 44.32,
4428, 41.5, 347, 27.0, 25.2. HRMS: m/z caled for C,,H,;oFNO;,
304.1349; found, 304.1367.
2-Allyl-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquinoline-8-carbox-
ylic Acid (2j). Off-white solid; yield 426 mg (91%); Mp 128—130 °C;
Ry = 0.32 (“wet” ether). IR (film): 3017, 1706 cm™". 'H NMR (400
MHz, CDCl;) § 5.88—5.71 (m, 1H), 5.71-5.54 (m, 1H), 5.54—5.42
(d, J = 10.2 Hz, 1H), 5.12—4.93 (m, 2H), 4.03—3.89 (dd, ] = 15.3, 5.5
Hz, 1H), 3.89—3.75 (dd, J = 15.3, 6.1 Hz, 1H), 3.23—2.98 (m, 3H),
2.83-2.73 (br s, 1H), 2.72—2.65 (m, 1H), 2.33—2.14 (m, 2H), 2.04—
1.89 (m, 1H), 1.89—1.72 (m, 1H). *C NMR (101 MHz, CDCl;) §
177.1, 170.7, 131.8, 129.2, 127.6, 117.2, 49.9, 44.0, 43.6, 41.7, 34.5,
27.0, 24.6. HRMS: m/z caled for C;3H;{NO;, 236.1287; found,
236.1300.
1-Oxo0-3,4,4a,7,8,8a-hexahydro-1H-isochromene-8-carboxylic
Acid (2k). White solid; yield 398 mg (81%); Mp 164—166 °C; Ry =
0.33 (“wet” ether). IR (film): 2927, 1710 cm™. '"H NMR (400 MHz,
CDCly) 6 5.94—5.76 (m, 1H), 5.61—5.43 (d, ] = 10.1 Hz, 1H), 4.38—
427 (m, 1H), 427—4.11 (m, 1H), 3.54—3.36 (dd, ] = 6.8, 3.3 Hz,
1H), 3.06—2.91 (br s, 1H), 2.75—2.62 (ddd, J = 11.0, 5.9, 3.3 Hz, 1H),
2.56—2.29 (m, 2H), 2.29-2.12 (m, 1H), 1.84—1.67 (m, 1H). *C
NMR (101 MHz, CDCL,) & 178.0, 171.5, 128.4, 128.0, 66.3, 41.0, 40.2,
32.7, 28.5, 23.0. HRMS: m/z caled for C,jH;;0,, 197.0814; found,
197.0817.
2-Benzyl-8-methyl-1-oxo-1,2,3,4,4a,7,8,8a-octahydroisoquino-
line-8-carboxylic Acid (4). (E)-N-Benzylhexa-3,5-dien-1-amine (1a)
(5.0 mmol, 935 mg) was added to a round-bottomed flask, dissolved in
dichloroethane (1.0 mL), and cooled to 0 °C. Citraconic anhydride
(5.50 mmol, 616 mg) was then weighed and added in one portion to
the diene solution. The resulting mixture was allowed to stir at 0 °C
for 10 min, then heated to 60 °C and maintained there for 8 h. Upon
cooling, the reaction was diluted with dichloromethane (4.0 mL) and
loaded directly onto a silica gel column. Product isolation occurred by
gradient elution with 0—100% hexanes/“wet” ether. White solid; yield
798 mg (53%); Mp 167—170 °C; Ry = 0.51 (“wet” ether). IR (film):
2922, 1698 cm ™. 'TH NMR (400 MHZ, CDCly) 6 7.36—7.18 (m, 3H),
7.18—7.04 (m, 2H), 5.86—5.67 (m, 1H), 5.58—5.39 (d, J = 10.1 Hgz,
1H), 4.87—4.69 (d, ] = 14.8 Hz, 1H), 4.41—4.22 (d, ] = 14.8 Hz, 1H),
3.15-2.95 (m, 3H), 2.86—2.71 (br s, 1H), 2.71-2.50 (d, J = 18.6 Hz,
1H), 2.14—1.80 (m, 3H), 1.32—1.16 (s, 3H). 3*C NMR (101 MHz,
CDCl,) § 182.1, 170.0, 137.0, 128.6, 128.4, 127.8, 127.2, 126.2, 50.4,
47.3, 439, 423, 30.6, 30.1, 27.0, 23.1. HRMS: m/z caled for
C,sH,,NO;, 300.1600; found, 300.1607.
2-Benzyl-1-oxo-8a-phenyl-1,2,3,4,4a,7,8,8a-octahydroisoquino-
line-8-carboxylic Acid (5). (E)-N-Benzylhexa-3,5-dien-1-amine (1a)
(2.50 mmol, 468 mg) was added to a round-bottomed flask, dissolved
in dichloroethane (0.5 mL), and cooled to 0 °C. The phenyl maleic
anhydride (2.75 mmol, 479 mg) was then weighed and added in one
portion to the diene solution. The resulting mixture was allowed to stir
at 0 °C for 10 min, then heated to 60 °C and maintained there for 8 h.
Upon cooling, the reaction was diluted with dichloromethane (2.0
mL) and loaded directly onto a silica gel column. Product isolation
occurred by gradient elution with 0—100% hexanes/“wet” ether. White
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solid; yield 541 mg (60%); Mp 144—146 °C; Ry = 0.58 (“wet” ether).
IR (film): 3026, 1723 cm™. 'H NMR (400 MHz, CDCl,) § 7.45—7.11
(m, 10H), 6.07—5.82 (m, 1H), 5.72—5.56 (dd, J = 10.0, 2.1 Hz, 1H),
5.02—4.83 (d, J = 14.3 Hz, 1H), 4.70—4.50 (d, J = 14.3 Hz, 1H), 3.56—
3.42 (m, 1H), 3.26—3.16 (m, 2H), 2.97—2.80 (m, 1H), 2.75—2.47 (m,
2H), 1.86—1.67 (m, 1H), 1.63—1.46 (m, 1H). *C NMR (101 MHz,
CDCl,) & 174.0, 173.6, 140.5, 135.6, 129.03, 128.98, 128.8, 128.3,
128.1, 127.8, 127.7, 53.9, 52.8, 51.7, 44.5, 42.9, 28.3, 22.7. HRMS: m/z
caled for C,3H,,NO;, 362.1756; found, 362.1773.

General Procedure for NMR Experiments (Table 3). The
substituted aniline diene (0.35 mmol) was added to a dry S mm NMR
tube. TMS (0.18 mmol, 0.024 mL) was added, and the sample was
diluted with d-dichloroethane (0.20 mL). The sample was then
injected into a 400 MHz Bruker NMR already stabilized at 60 °C.
After allowing 15 min for temperature equilibration, the sample was
locked, shimmed, and an acquisition performed. The sample was then
ejected, maleic anhydride immediately added, and injected back into
the NMR. The sample was then locked and shimmed. This process
(addition, injection, lock, and shim) accounted for an average delay of
5 min before the time course acquisition began. A time course study
was then initiated utilizing a single pulse experiment (without steady-
state scans) with subsequent delay resulting in an acquisition every 2
min. Because of the nearly neat conditions, quality spectra were
observed despite the single pulse. Initial qNMR sequences
demonstrated relaxations within normal set parameters but were
inconsequential due to the use of such long relaxation times (delay)
and the absence of steady-state scans. The exotherm observed in larger
scale reactions was controlled by slightly more dilution in these runs
(5.0 M vs 1.8M), which also accounted for the longer reaction times.
The rate of reaction was monitored by the comparative integration of
at least two sets of protons in each sample. The times (min) taken for
each substrate to reach 10, 25, 50, and 75% conversion are listed in
Table 3.
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