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ABSTRACT: A gold(I)-catalyzed intermolecular formal [2 +
5] cycloaddition for the preparation of benzofused N-
heterocyclic azepine products is presented. A number of
benz[c]azepin-4-ol products were readily prepared in one step
from easily accessible phenylpropargyl acetals and benzaldi-
mine substrates in the presence of a gold(I) catalyst. A direct
one-pot procedure from the propargyl and the respective
aldehyde and amine substrates was successful as well. The reaction to access the benzofused azepines could be rationalized by a
cascade reaction, including a nucleophilic benzaldimine N-attack at a highly reactive phenylpropargyl−gold(I) carbenoid
complex, generated from propargyl acetal. A subsequent deauration step promotes ring closure by 1,7-electrocyclization through
an intramolecular Pictet−Spengler-type reaction with the aldiminium moiety.

■ INTRODUCTION

The seven-membered ring-fused benzazepine heterocycles
contain a framework that is often observed among bioactive
natural products and pharmaceuticals.1 Due to their chemo-
therapeutic properties, exhibiting biological activity toward
various targets, such as enzymes, ion channels, and different
receptors, these benzannulated compounds represent a partic-
ularly interesting class of aza heterocycles.2 Compounds
containing the benz[a, b, or c]azepine skeleton, mainly at the
tetrahydro level, display important physiological properties and
are known to exhibit strong neuroleptic and neurotropic
activities.3 Other representatives have been found to display
anti-HIV activity,4 to promote healing of skin wounds,5 and to
treat cardiovascular diseases, especially glaucoma and hyper-
tension.6 Benzazepine derivatives are also used as antiarrythmic7

and central nervous system (CNS) agents8 and as inhibitors of
phenylethanolamine N-methyltransferase (PNMT),9 are recom-
mended for the treatment of stomach disorders,10 and could be
used in the treatment of Alzheimer’s disease.11 Several
substances that include the specific benz[c]azepine moiety
possess useful biological properties.12 The commercially
available benzazepine capsazepine (A)13 (Figure 1) is a competi-
tive agonist for the vanilloid receptor (VR1), used in treatment
of neuropathic pain, while compound B is a Gram-positive
antibacterial agent,14 and compound C is a potent histamine H3
receptor antagonist.15

Since several powerful drugs have been obtained from
benzazepine compounds, considerable efforts have been made
to establish new methods for the synthesis of these
heterocycles.2b,c,16,17 Different strategies, including the Heck16a

coupling, intramolecular Claisen−Schmidt cyclization,16c Die-
ckmann cyclization,16d SnCl2-mediated reduction and cycliza-
tion,16e and Michael-type addition,16g have been applied for
benzazepine synthesis, while ring closing metathesis

(RCM),16a,b,f,i and a multistep tandem reaction16h have been
used for the preparation of unsaturated benz[c]azepines. Most of
these methods are complex and require several steps. Benz[c]-
azepin-4-ones with the general structure D have been identified
as selective muscarine antagonists. They were synthesized by
reductive amination17c or by Mitsunobu conditions17d for
heterocyclic cyclization by the formation of the C1−N bond.
Benz[c]azepin-4-one derivatives have been prepared by ester
condensation18 and ring closure with formaldehyde.17e Alter-
natively, intramolecular acylation has afforded functionalized
benz[c]azepin-4-ones by cyclization through C4−C5 bond
formation.19 Benz[c]azepin-3-ones, potentially good candidates
for new drug therapies to treat skin wounds, were prepared via an
intramolecular Friedel−Crafts reaction.1 Compounds based on
the general 4-oxo structure E (2,3-dihydro-1H-benz[c]azepin-
4(5H)-one) or the corresponding enol form E′ have been
studied due to their structural similarities with bioactive natural
alkaloids and, thus, potential biological activity. The 4-oxo group
would also offer opportunities for further functionalization of the
benzazepine skeleton.
Propargyl esters are known to undergo a number of gold-

catalyzed [2 + 3], [2 + 4], and [3 + 4] cycloaddition reactions.20

We have recently performed a comparative study on the
reactivity and chemoselective gold(I)-catalyzed alkene cyclo-
additions of propargyl esters and acetals, respectively.21 Such
propargyl derivatives are known to give gold carbenoid
intermediates I and II (Scheme 1) which can be trapped with
different reagents, typically alkenes. By changing from
propargylic esters to acetals, the reaction pathway switches
from (a) cyclopropanation to (b) [2 + 3] cycloaddition. The
propargyl acetals gave immediate conversion and were
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significantly more reactive than the corresponding esters. Hence,
the highly reactive propargyl acetals would be promising
substrates for potential cycloaddition reactions with other
alternatives to alkenes, e.g., heteroatom compounds with a
CX double bond. Thus, we wanted to investigate the potential
of (c) imines to undergo cycloaddition reactions via the highly
reactive propargyl acetal gold(I) carbenoid complexes II
(Scheme 1). Gold catalysis has been applied for azepine
synthesis by intramolecular hydroamination16i and [3 + 4]
cycloadditions.20e,f However, to the best of knowledge, neither
cycloaddition nor gold(I) catalysis has been applied in
benzazepine synthesis. We herein report the results from our
study of gold(I)-catalyzed cyclization reactions of propargyl
acetals with imines.

■ RESULTS AND DISCUSSION
Aiming at trapping the highly reactive propargyl acetal gold(I)
carbenoid complex II (Scheme 1) with imines, cyclization
reactions with N-arylbenzaldimines, readily available from
aniline and benzaldehyde derivatives, were studied, focusing
on phenylpropargyl acetals. Rapid and full conversion of the
substrates into benz[c]azepin-4-ol products analogous to
the enolic structure E′ above (Figure 1) was observed. The
reaction of phenylpropargyl acetal 1a with N-benzylideneani-
line 2a in DCM at room temperature in the presence of
commercially available Au[P(t-Bu)2(o-biphenyl)CH3CN]-
SbF6 gave full conversion into benzazepine product 3a within
1 h (entry 1, Table 1). The outcome of the reaction indicated
that a new formal [2 + 5] cycloaddition of propargyl acetal
with aldimine through a gold carbenoid intermediate, II,
took place.

Optimization. To optimize the reaction conditions, an
introductory study on the cycloaddition of propargyl acetal 1a
and diarylimine 2a was performed by using different gold(I/III)
catalysts and solvents (Table 1). The in situ generation of the
active gold(I) catalyst by chloride counterion exchange with
NTf2

− or SbF6
− afforded more active catalytic systems, since full

conversion was obtained in 15 min, both in DCM and in DCE
(entries 3, 4, and 11). Triphenylphosphine-liganded gold
catalysts (Au(PPh3)Cl + AgSbF6, entry 8) gave low conversion
(24%) as compared to the biphenylphosphine complex above.
No reaction took place without chloride counterion exchange
(entries 2 and 7). The cycloaddition reaction was not catalyzed
by silver salts (entries 5 and 6), and gold(III) catalysts were also
found inactive for the reaction (entries 9 and 10). Reduced
efficiency of the biphenylphosphine gold(I) catalyst (30−64%
conversion) was observed in other solvents, such as THF,

Figure 1. Benz[c]azepine-containing compounds.

Scheme 1. Gold(I)-Promoted Reactions of Propargyl
Substrates

Table 1. Reaction Optimization of [5 + 2] Cycloaddition
Reaction of Propargyl Acetal with Imine

entry catalyst time/solvent
conversiona

(%)

1 Au[P(t-Bu)2(o-biphenyl)]
CH3CN]SbF6

1 h/DCM 99

2 Au[P(t-Bu)2(o-biphenyl)]Cl 24 h/DCM ncb

3 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/DCM 99

4 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgNTf2

15 min/DCM 99

5 AgSbF6 24 h/DCM ncb

6 AgNTf2 24 h/DCM ncb

7 Au(PPh3)Cl 24 h/DCM ncb

8 Au(PPh3)Cl + AgSbF6 24 h/DCM 24
9 AuCl3(III) 24 h/DCM ncb

10 PicAuCl2(III) 24 h/DCM ncb

11 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/DCE 99

12 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/THF 54

13 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/CH3CN 64

14 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/CH3NO2 45

15 Au[P(t-Bu)2(o-biphenyl)]Cl +
AgSbF6

15 min/toluene 30

aConversion by GC. bNo conversion.
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acetonitrile, nitromethane, or toluene (entries 12−15). Since
DCE would allow higher reaction temperatures, if required, this
solvent was used in the further studies on [2 + 5] cycloaddition of
propargyl acetals and imines in the presence of the Au[P(t-
Bu)2(o-biphenyl)]Cl + AgSbF6 catalytic system (entry 11).
Scope and Limitations. By varying the electronic and steric

properties of a series of substituted N-arylbenzaldimines, 2a−f,
the scope and limitations of the new [2 + 5] cycloaddition
reaction was studied (Table 2). A number of O-alkylated
benz[c]azepin-4-ol structures, 3a−j, were readily formed by
cyclization of propargyl methyl acetal 1a (entries 1−5) and ethyl
acetal 1b (entries 7−10) with N-benzylideneaniline derivatives
2a−e in high yields (62−80%). The double activation of imine 2a
by an electron-donating p-methoxyaniline substituent and an
additional p-nitro electron-withdrawing group (EWG) sub-
stitution at the benzylidene moiety would afford a push−pull
activating effect, as shown by the fast reaction of imine 2a with
acetals 1a and 1b (15−30 min, rt, entries 1 and 6). The imines
2b−e, being only partly activated, reacted significantly slower
as the push−pull effect was reduced. Hence, the reaction rates
decreased, and a higher temperature was required to obtain
comparable yields (1−24 h, reflux, entries 2−5 and 7−10) as the
electron-withdrawing effect of the benzylidene para-substituent
was reduced by replacement of more electron-releasing
group (ERG) substituents, such as H, Cl, OMe, and t-Bu.
Correspondingly, substitution of the aniline part also affected the
reactivity, as the non-methoxy N-benzylideneaniline 2f was
significantly less reactive, affording a 52% yield of benzazepine 3k
(entry 11), relative to the corresponding methoxy substrate 2a
(entry 1, 80%). Moreover, it was observed that para-substitution
of the phenylpropargyl acetal may influence the activity of the
propargyl substrates (see the section “Selectivity and Reactivity”
and Scheme 2 below). The effects were shown by the higher
yields obtained of the benz[c]azepine products 3l−n, as the
electrophilicity of the propargyl substrate was increased (1c/
OMe, 63%; 1d/Cl, 78%; 1e/NO2, 84%; entries 12−14). The
ability of the benzaldimines to undergo hydrolysis was shown by
the formation of the corresponding benzaldehyde byproducts
(NMR).
The significance of the C- or N-arylaldimine groups was

studied. It was shown that the N-aryl moiety was not an essential
requirement for cyclization, as the aliphatic N-benzylidenethan-
amine 2g did undergo gold-catalyzed [5 + 2] cycloaddition with
propargyl acetal 1a. The reaction afforded 2-ethylbenz[c]azepine
3o (entry 15), albeit slower than that of the aniline analogue 2f
(entry 11) and in moderate yield (45%, reflux, 16 h, DCE). The
C-arylaldimine moiety was, however, crucial for the cyclization
to take place, as C-alkylaldimines 2h and 2h′ (entry 16) failed
to afford benzazepine products. The cyclization of the bulky
o-(di)nitrobenzaldimine analogues 2i,j with propargyl acetal 1a
was unsuccessful as well (entry 17).
To further investigate the potential and reactivity of propargyl

acetals with aldimines in the presence of gold(I), we wanted to
study whether alternative reactions would take place by replacing
phenylpropargyl substrates with alkylpropargyl acetals. In fact,
a new noncyclic coupling product, 4 (49%, entry 18), was formed
when ethylpropargyl acetal 1f was subjected to gold catalysis
with aldimine 2a. The reaction pathway for the formation of
N-benzyl-N-(penta-1,3-dienyl)aniline 4 may be explained by a
related mechanism as suggested for the benzazepines 3 (see the
section “Selectivity and Reactivity” and Scheme 2 below).
To study whether the significantly less reactive propargyl

esters would undergo gold(I)-catalyzed [2 + 5] cycloaddition in a

similar way, reactions of propargyl ester 1gwith imines 2a,bwere
performed. The reactions afforded considerably lower yields of
the corresponding benzazepine esters 5a,b (34−47%, entry 19),
and full conversion could not be obtained, even within several
days of reflux.
Having studied the potential and limitations of the

intermolecular [2 + 5] cycloaddition reaction of propargyl
acetals and benzaldimines, the potential for a one-pot procedure,
including both the preceding benzaldimine condensation step
and the subsequent [2 + 5] cycloaddition reaction, was
examined. In fact, a multistep cascade reaction of 4-nitro-
benzaldehyde, 4-methoxyaniline, and propargyl acetal 1a
provided the benzazepine product 3a (46%) in the presence of
the gold catalyst. The reaction was slow, and 24 h reflux was
required. However, a one-pot sequential synthesis allowed
milder reaction conditions and was slightly more efficient, as
overnight stirring of the benzaldehyde and aniline precursors
prior to the addition of propargyl acetal 1a and the gold catalyst
afforded the desired product 3a in 4 h of reflux (52% yield, entry 1,
Table 2). Thus, this direct procedure represents a convenient
alternative preparation method, as the respective two-step
protocol afforded a 68% overall yield of 3a (85% imine
condensation product 2a, 80% benzazepine product 3a). Similarly,
the one-pot sequential protocol afforded products 3b and 3n in
48% and 60% yields (entries 2 and 14) from the respective
benzaldehyde, aniline, and propargyl substrates.

Selectivity and Reactivity.Our previous studies on gold(I)-
catalyzed alkene cycloadditions of propargyl esters21a and
acetals21b have shown that the reaction pathway, going via gold
carbenoid intermediates I and II (Scheme 2a,b), formed by gold-
catalyzed 1,2-acyloxy and -alkoxy migration, switches from
cyclopropanation to [2 + 3] cycloaddition by changing from
propargylic esters to acetals. The reactions might proceed
through the intermediate adducts I′ and II′, formed by initial
nucleophilic attack of, e.g., vinyl acetate and vinylamide at the
allylic C3-position of gold complexes I and II, to afford
vinylpropane III and cyclopentenyl products IV, respectively.
The outcome of the chemoselective reactions of propargyl esters
and acetals may be rationalized by the deactivating and the
corresponding activating effects of the C2-acyloxy and -alkoxy
groups of adducts I′ and II′. Thus, the “C3−C1” reaction
sequence, favored for acetal substrates, may be caused by the
specific vinylalkoxy activation of the C1 position of adduct II′.
The regioselectivity of such [2 + 3] cycloadditions may be
controlled by the electronic nature of the propargyl substrate, as
the opposite “C1−C3” reaction order has been reported for
nonterminal propargyl acetals, connected to the C3-EWG, with
aldehydes.22 Our investigations indicated that a direct [2 + 3]
cycloaddition pathway, involving intermediate II′, is more likely
than a subsequent ring expansion of cyclopropane III, being
discussed by others.20a,b,23

The new formal [2 + 5] cycloaddition (Scheme 2c) of
phenylpropargyl acetals with benzaldimines may go through
the highly reactive propargyl carbenoid gold(I) complex II as
well. A subsequent N-nucleophilic imine attack would give the
activated vinyl ether adduct II″. The deauration step promotes a
kind of 1,7-electrocyclization of the conjugated diene−
azomethine ylide−gold(I) complex II″ by a Pictet−Spengler
process, including ring closure of the o-phenyl position and the
electrophilic benzaldiminium carbon to give azepine products.
A final [1,5]-sigmatropic hydrogen shift takes place to give the
benz[c]azepine structure 3 by rearomatization.
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The expected effects on the reactivity by modifying of the
electronic properties of the aldimine reactants were discussed
above for benzylideneanilines 2a−f (Table 2, entries 1−11). The

limitation of the cycloaddition reaction with bulky substrates is
demonstrated by the unsuccessful cyclization of the sterically
hindered but electronically activated o-(di)nitrobenzaldimine

Table 2. Gold(I)-Catalyzed Propargyl [2 + 5] Cycloaddition with Aldimines

aA one-pot procedure from 4-nitrobenzaldehyde, 4-methoxyaniline, and propargyl acetal 1a afforded a 52% yield of product 3a. bA one-pot
procedure from benzaldehyde, 4-methoxyaniline, and propargyl acetal 1a afforded a 48% yield of product 3b. cA one-pot procedure from
4-nitrobenzaldehyde, 4-methoxyaniline, and propargyl acetal 1e afforded a 60% yield of product 3n. dNo conversion. eThe reaction afforded the
noncyclic product 4.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401075n | J. Org. Chem. 2013, 78, 7885−78957888



analogues 2i,j (entry 17). (p-ERG-phenyl)propargyl substrates
(e.g., p-OMe) would hamper the reaction by giving a less
electrophilic24 propargyl substrate, 1, and gold complex II, but
might also activate the final aromatic 1,7-cyclization step.
Actually, the reactivity dropped as the electron-releasing
character of the para-substituent increased (entries 14, 13, and
12, 84−63%), showing that the electronic nature of the propargyl
acetal mostly affects the reactivity of the propargyl−gold complex
intermediate II and plays a less important role for the final
cyclization.
Even if slow, the fact that a similar reaction took place with

propargyl ester 1c (Table 2, entry 19) demonstrated that the [2 +
5] cyclization pathway is not controlled by the different natures
of the gold(I) carbenoid complexes I and II. Thus, the fact that
the cyclization pathway switches into the formal [2 + 5]
cycloaddition reaction with imines indicates that the essential
feature of complex II″ to selectively afford the new reaction
seems to be the presence of the activated electrophilic iminium
group (Scheme 2c). Hence, the deauration step of the 1,3-dipole
gold complex II″ activates the vinyl aromatic system to favor a
Pictet−Spengler-type reaction with the benzaldiminium moiety
and gives a 1,7-mode of cyclization by aminoalkylation. The
Pictet−Spengler reaction of electron-rich aromatic rings with
imines represents a useful and important cyclization method in
heterocyclic chemistry. The general challenge of the reaction
appears, however, to be the low reactivity of the imine substrate,
and such reactions are mostly promoted by strong acids to
generate the activated aldiminium group. In the present reaction,
the important iminium activation is performed by mild gold(I)

catalysis through the gold−propargyl−iminium adduct II′. The
proposed reaction pathway is in line with a suggested
mechanism25 for benzazepine synthesis based on a noncatalyzed
related 1,7-mode of ring closure from (3-phenylpropenyl)-
benzamide and PCl5 via imidoyl chloride and diene−nitrile ylide.
The mechanism is also in accordance with previously reported
gold(III)-catalyzed [3 + 4] cycloadditions of propargyl esters
with α,β-unsaturated imine substrates20e or vinyl imine
intermediates, generated from alkyl azides.20f Being applied in
azepine synthesis, the final ring closure of the generated iminium
gold complex included an intramolecular conjugated addition to
the a,b-unsaturated iminium electrophile. Propargyl esters and
azomethine imines are reported to undergo [3 + 3] cycloaddition
to give biazabicycles based on a similar reaction pathway.20g

Other gold-catalyzed [2 + 3], [2 + 4], and [3 + 4] cycloaddition
reactions with vinyl ethers, nitrosobenzene, and cyclopentadiene
as well as enones with propargyl esters have lately been studied
by others and are reported to be based on related reaction
principles of propargyl substrates.20a−e Gold-catalyzed Pictet−
Spengler cyclizations have also been used for the preparation of
benzofused pyrido-N-heterocycles.26 Gold(I)-catalyzed27and
gold(III)-catalyzed28 alkyne reactions have been combined
with conventional Mannich-type reactions to give cascade or
sequential one-pot cyclizations for the preparation of hetero-
cycles.27,28 Two different catalytic systems may be applied,27a−c

as the Mannich-type enantioselective organocatalyzed reactions
of benzaldimines and enols have been combined with gold(I)-
catalyzed alkyne hydroamination to give N-heterocycles. Gold-
catalyzed carbon−heteroatom formation has been reviewed,29a

Scheme 2. Proposed Mechanisms of Gold(I)-Catalyzed Propargyl Cycloadditions
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including hydroamination of alkynes with imines and enami-
nes.29b

The benzylic activation seems to be crucial, as all benzaldimine
substrates 2a−g readily afforded cycloaddition, while the
corresponding C-alkylimine substrates 2h and 2h′ (entry 16,
Table 2) failed to undergo [2 + 5] cycloaddition, in accordance
with nonsuccessful acid-catalyzed Pictet−Spengler benzazepine
cyclization of aliphatic aldimines.30 The application of N-ethyl-
benzaldimine 2g (entry 15) in the new benzazepine synthesis
demonstrates the versatility of the new cyclization reaction.
Aliphatic propargyl acetals gave a different outcome by the

gold(I)-catalyzed reaction with benzaldimine 2a. A new open-
chained coupling product, 4, was isolated (49%, entry 18) when
ethylpropargyl substrate 1f was subjected to reaction conditions
analogous to those described above. The formation of the
noncyclic compound may be rationalized by a related reaction
mechanism as for benzazepines and is proposed to go through an
analogous intermediate adduct, II‴ (Scheme 2d), to adduct II″,
discussed above (Scheme 2c). The subsequent deauration step of
intermediate II‴ would take place in a somewhat different
manner in the absence of an aromatic group and promotes a
hydride shift to give the N-benzyl moiety of the N-(penta-1,3-
dienyl)aniline product 4. NOESY NMR data indicated 1E,3E-
stereochemistry.
To study whether the benz[c]azepine products would be

formed by some kind of ring expansion of a cyclopropyl, III, or
cyclopentenyl, IV, intermediate, attempts to identify possible
intermediates during the reaction were made. However, GC and
NMR monitoring of the reaction of acetal 1a with imine 2a
indicated no other intermediates, as only product 3a could be
observed. Thus, a direct [2 + 5] cycloaddition pathway, involving
intermediate II″ seems likely, in accordance with our previous
investigations on [2 + 3] cycloaddition reaction.21 Investigations
on similar systems have also focused on whether direct cyclo-
addition pathways or ring-expansion mechanisms take place.
The evidence is often consistent with a direct cycloaddition
mechanism rather than a stepwise cyclopropanation/ring-
expansion pathway.20a,b

A deuterated benz[c]azepine, d5-3a (76%), was prepared from
deuterated phenylpropargyl acetal d5-1a and N-benzylideneani-
line 2a (Scheme 3). The deuterium labeling experiments showed
specific and complete incorporation of one deuterium in
the 3-position (−CHD−). This is in accordance with a 1,7-
electrocyclization through a Pictet−Spengler-type reaction and a
final rearomatization by an o-phenyl proton shift, as shown in the
proposed reaction mechanism (Scheme 2c).

■ CONCLUSION
As part of our investigations on the chemistry and the potential of
the highly reactive propargyl acetals, we have developed a
synthetic approach to access benz[c]azepine derivatives by a
gold(I)-catalyzed formal [2 + 5] cycloaddition reaction. The
benz[c]azepine products 3a−owere readily prepared in 45−84%
yield in one step from easily accessible phenylpropargyl acetals

1a−e and benzaldimine substrates 2a−g in the presence of a
gold(I) catalyst. A one-pot synthesis from propargyl acetal and
the benzaldehyde and aniline precursors could be applied as well.
To the best of our knowledge, our reported [2 + 5] cycloaddition
represents a new concept for the preparation of N-heterocycles
by an entirely gold(I)-catalyzed reaction.
The favored [2 + 5] cycloaddition pathway of phenylpropargyl

acetals and benzaldimines could be rationalized by a cascade
reaction. An initial intermolecular nucleophilic aldimine N-attack
at propargyl−gold(I) carbenoid complex II would afford an
activated iminium−propargyl−gold adduct, II″. The following
deauration of complex II″ provides an electron-rich vinyl aromatic
group and activates a 1,7-electrocyclization. The ring closure thus
takes place by an intramolecular Pictet−Spengler-type reaction
with the activated electrophilic benzaldiminium moiety of gold(I)
adduct II″. The strong activating effect provided through
deauration is also shown by the coupling reaction of a
corresponding alkyl substrate, ethylpropargyl acetal 1f, affording
the open-chained N-benzyl-N-((1E,3E)-penta-1,3-dienyl)aniline
product 4 by a related mechanism through a hydride shift.

■ EXPERIMENTAL SECTION
General Methods. All reactions were performed under an argon

atmosphere. Commercial grade reagents were used as received. Dry
solvents were collected from a solvent purification system (SPS-800,
filter column MB-KOL-A-C). All reactions were monitored by GC and
thin-layer chromatography (TLC) using silica gel 60 F254 (0.25 mm
thickness). Flash chromatography was carried out using silica gel
60 (0.040−0.063 mm). High-throughput flash purification (HPFP) was
performed on prepacked cartridges. 1H and 13C NMR spectra were
recorded using a 400MHz spectrometer. Chemical shifts are reported in
parts per million (δ) downfield from tetramethylsilane (TMS) as the
internal standard. Coupling constants (J) are reported in hertz. The
attributions of the chemical shifts were determined by means of COSY,
HMQC, HMBC, and NOESY NMR experiments. Melting points
(mp’s) were determined using a Stuart apparatus and are uncorrected.
Accurate mass determination (HRMS) was performed using EI or ESI.
Direct injection was performed for the EI analyses at a magnetic−
electric sector (double focusing) instrument. For ESI analyses, samples
were injected into a TOF MS instrument using HPLC. IR spectra were
obtained using a reflection cell. Imines31 and propargyl acetals 1a−f22
were prepared according to literature procedures.

Typical Procedure for the Gold-Catalyzed Cyclization
Reaction. The gold catalyst (Au[P(t-Bu)2(o-biphenyl)]Cl and
AgSbF6) was dissolved in approximately one-third of the total amount
of solvent (c = 100 mM propargyl acetal) and filtered through a small
pad of Celite to remove AgCl. A solution of the propargyl acetal and
the imine derivative was subsequently added. The reaction mixture was
stirred/refluxed, and the reaction was monitored by TLC and GC. After
full conversion the reaction mixture was either used for product isolation
by flash chromatography or filtered through a small pad of Celite for
subsequent 1H NMR analysis of the crude reaction mixture after
evaporation of the solvent.

One-Pot Procedures i and ii. (i) In a one-pot synthesis, the gold
catalyst (Au[P(t-Bu)2(o-biphenyl)Cl and AgSbF6) was dissolved in
DCM, and then a solution of 4-nitrobenzaldehyde, 4-methoxyaniline,
and propargyl acetal 1a in DCM was added. The mixture was

Scheme 3. Deuterium Labeling [2 + 5] Cycloaddition Experiment
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refluxed for 24 h. (ii) In a one-pot sequential synthesis, a solution of
4-nitrobenzaldehyde and 4-methoxyaniline in DCM was stirred
overnight (rt) before a solution of propargyl acetal 1a and gold catalyst
(Au[P(t-Bu)2(o-biphenyl)Cl and AgSbF6) in DCM was added The
reaction mixture was refluxed for 4 h.
In both cases, the reaction was monitored by TLC and GC. The

reactionmixture was filtered through a small pad of Celite, and the crude
product was purified by flash chromatography to afford product 3a in (i)
46% and (ii) 52% yield, respectively.
4-Methoxy-2-(4-methoxyphenyl)-1-(4-nitrophenyl)-2,3-di-

hydro-1H-benz[c]azepine (3a). 3a was prepared according to the
typical procedure from 1a (60mg, 0.29mmol), imine 2a (111.3 mg, 0.43
mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for 15 min. Flash
chromatography (n-pentane/EtOAc, 20:1) yielded 3a (94mg, 80%) as a
viscous yellow oil: Rf = 0.48 (n-pentane/EtOAc, 10:1); 1H NMR (400
MHz, CDCl3) δ (ppm) 8.09 (d, J = 4.8 Hz, 2 Harom), 7.28 (d, J = 8.8 Hz,
2 Harom), 7.11−7.24 (m, 4 Harom), 6.85 (dt, J = 9.2 Hz, J = 3.6 Hz,
2 Harom), 6.75 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom), 5.91 (s, 1 H, CHC),
5.50 (s, 1 H, CHN), 3.80 (d, J = 16.4 Hz, 1 H, CH2), 3.71(d, J = 16.4 Hz,
1 H, CH2), 3.70 (s, 3 H, (OCH3), 3.51 (s, 3 H, (ArOCH3);

13C NMR
(100 MHz, CDCl3) δ (ppm) 158.3 (1 C, CCOCH3), 152.9 (1 C,
Carom), 150.0 (1 C, Carom), 146.8 (1 C, Carom), 143.5 (1 C, Carom), 136.4
(1 C, Carom), 135.0 (1 C, Carom), 130.7 (1 C, CHarom), 130.6 (1 C,
CHarom), 128.8 (2 C, CHarom), 128.0 (1 C, CHarom), 125.4 (1 C, CHarom),
123.3 (2 C, CHarom), 116.6 (2 C, CHarom), 114.4 (2 C, CHarom), 102.0
(1 C, CCH), 68.9 (1 C, CHN), 55.4 (1 C, ArOCH3), 54.8 (1 C,
OCH3), 49.1 (1 C, CH2); IR (neat, cm−1) 2989, 1286, 1062; HRMS
(EI) calcd for C24H22O4N2, 402.1574, obsd 402.1575.
4-Methoxy-2-(4-methoxyphenyl)-1-phenyl-2,3-dihydro-1H-

benz[c]azepine (3b). 3b was prepared according to the typical
procedure from 1a (60 mg, 0.29 mmol), imine 2b (92.8 mg, 0.43 mmol,
1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 1 h of reflux. Flash
chromatography (n-pentane/DCM, 3:1) yielded 3b (77.7 mg, 74%) as a
yellow oil: Rf = 0.58 (n-pentane/DCM, 1:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.21−7.28 (m, 3 Harom), 7.02−7.18 (m, 6 Harom), 6.88
(d, J = 8.8 Hz, 2 Harom), 6.72 (d, J = 9.2 Hz, 2 Harom), 6.01 (s, 1 H, CH
C), 5.54 (s, 1 H, CHN), 3.90 (d, J = 17.6 Hz, 1 H, CH2), 3.77(d, J = 18.0
Hz, 1 H, CH2), 3.67 (s, 3 H, OCH3), 3.55 (s, 3 H, ArOCH3);

13C NMR
(100 MHz, CDCl3) δ (ppm) 159.0 (1 C, CCOCH3), 152.3 (1 C,
Carom), 143.3 (1 C, Carom), 141.6 (1 C, Carom), 137.5 (1 C, Carom),
134.4(1 C, Carom), 130.8 (1 C, CHarom), 130.5 (1 C, CHarom), 128.7 (2 C,
CHarom), 128.3 (2 C, CHarom), 127.2 (1 C, CHarom), 127.1 (1 C, CHarom),
124.8 (1 C, CHarom), 116.4 (2 C, CHarom), 114.3 (2 C, CHarom), 102.4 (1
C, CCH), 68.0 (1 C, CHN), 55.4 (1 C, ArOCH3), 54.6 (1 C, OCH3),
48.4 (1 C, CH2); IR (neat, cm−1) 2899, 1316, 1112; HRMS (EI) calcd
for C24H23NO2 357.1723, obsd 357.1720.
1-(4-Chlorophenyl)-4-methoxy-2-(4-methoxyphenyl)-2,3-di-

hydro-1H-benz[c]azepine (3c). 3c was prepared according to the
typical procedure from 1a (60mg, 0.29mmol), imine 2c (107.8 mg, 0.43
mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 3 h of reflux. Flash
chromatography (n-pentane/DCM, 3:1) yielded 3c (78.2 mg, 68%) as a
yellow oil: Rf = 0.61 (n-pentane/DCM, 1:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.22 (d, J = 8.8 Hz, 2 Harom), 7.04−7.15 (m, 4 Harom),
7.02 (d, J = 8.0 Hz, 2 Harom), 6.85 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom),
6.72 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom), 5.91 (s, 1 H, CHC), 5.52 (s,
1 H, CHN), 3.88 (d, J = 17.6 Hz, 1 H, CH2), 3.73(d, J = 17.6 Hz, 1 H,
CH2), 3.66 (s, 3 H, OCH3), 3.54 (s, 3 H, ArOCH3);

13C NMR
(100 MHz, CDCl3) δ (ppm) 158.8 (1 C, CCOCH3), 152.5 (1 C,
Carom), 143.2 (1 C, Carom), 140.2 (1 C, Carom), 137.1 (1 C, Carom), 134.4
(1 C, Carom), 132.8 (1 C, Carom), 130.8 (1 C, CHarom), 130.5 (1 C,
CHarom), 129.9 (2 C, CHarom), 128.4 (2 C, CHarom), 127.5 (1 C, CHarom),
125.0 (1 C, CHarom), 116.3 (2 C, CHarom), 114.4 (2 C, CHarom), 102.3
(1 C, CCH), 67.8 (1 C, CHN), 55.4 (1 C, ArOCH3), 54.6 (1 C,
OCH3), 48.6 (1 C, CH2); IR (neat, cm−1) 2969, 1277, 1088; HRMS
(EI) calcd for C24H22O2NCl 391.1334, obsd 391.1335.
4-Methoxy-1,2-bis(4-methoxyphenyl)-2,3-dihydro-1H-benz-

[c]azepine (3d). 3d was prepared according to the typical procedure

from 1a (60 mg, 0.29 mmol), imine 2d (106.0 mg, 0.43 mmol, 1.5
equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and AgSbF6
(4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 5 h of reflux. Flash
chromatography (n-pentane/DCM, 3:1) yielded 3d (69.4 mg, 61%) as a
yellow oil: Rf = 0.51 (n-pentane/DCM, 1:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.03−7.17 (m, 4Harom), 6.99 (dt, J = 8.8 Hz, J = 3.6 Hz,
2 Harom), 6.88 (dt, J = 9.2 Hz, J = 4.0 Hz, 2 Harom), 6.80 (dt, J = 8.8 Hz, J =
2.4 Hz, 2 Harom), 6.72 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom), 5.97 (s, 1 H,
CHC), 5.55 (s, 1 H, CHN), 3.90 (d, J = 18.0 Hz, 1 H, CH2), 3.83 (d, J
= 19.2 Hz, 1 H, CH2), 3.75 (s, 3 H, ArOCH3), 3.67 (s, 3 H, OCH3), 3.58
(s, 3 H, ArOCH3);

13C NMR (100 MHz, CDCl3) δ (ppm) 159.2 (1 C,
CCOCH3), 158.6 (1 C, Carom), 152.2 (1 C, Carom), 143.2 (1 C, Carom),
137.8 (1 C, Carom), 134.2 (1 C, Carom), 133.6 (1 C, Carom), 130.9 (1 C,
CHarom), 130.4 (1 C, CHarom), 129.9 (2 C, CHarom), 127.1 (1 C, CHarom),
124.8 (1 C, CHarom), 116.1 (2 C, CHarom), 114.4 (2 C, CHarom), 113.7 (2
C, CHarom), 102.5 (1 C, CCH), 67.3 (1 C, CHN), 55.4 (1 C,
ArOCH3), 55.1 (1 C, ArOCH3), 54.6 (1 C, OCH3), 48.3 (1 C, CH2); IR
(neat, cm−1) 2913, 1316, 1032; HRMS (EI) calcd for C25H25O3N
387.1829, obsd 387.1832.

1-(4-(tert-Butyl)phenyl)-4-methoxy-2-(4-methoxyphenyl)-
2,3-dihydro-1H-benz[c]azepine (3e). 3e was prepared according to
the typical procedure from 1a (60 mg, 0.29 mmol), imine 2e (117.0 mg,
0.43mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 6 h of reflux.
Flash chromatography (n-pentane/DCM, 3:1) yielded 3e (91.1 mg,
75%) as a white solid: Rf = 0.65 (n-pentane/DCM, 1:1); mp 56−60 °C;
1H NMR (400 MHz, CDCl3) δ (ppm) 7.29 (d, J = 8.4 Hz, 2 Harom),
7.03−7.18 (m, 4 Harom), 7.00 (d, J = 8.4 Hz, 2 Harom), 6.88 (d, J = 8.4 Hz,
2 Harom), 6.73 (d, J = 9.2 Hz, 2 Harom), 6.00 (s, 1 H, CHC), 5.55 (s, 1
H, CHN), 3.91 (d, J = 18.0 Hz, 1 H, CH2), 3.80 (d, J = 18.0 Hz, 1 H,
CH2), 3.69 (s, 3 H, OCH3), 3.59 (s, 3 H, ArOCH3), 1.29 (s, 9 H,
C(CH3)3);

13C NMR (100 MHz, CDCl3) δ (ppm) 159.1 (1 C, C
COCH3), 152.2 (1 C, Carom), 150.0 (1 C, Carom), 143.2 (1 C, Carom),
138.6 (1 C, Carom), 137.7 (1 C, Carom), 134.2 (1 C, Carom), 130.9 (1 C,
CHarom), 130.6 (1 C, CHarom), 128.5 (2 C, CHarom), 127.1 (1 C, CHarom),
125.3 (2 C, CHarom), 124.8 (1 C, CHarom), 116.1 (2 C, CHarom), 114.4 (2
C, CHarom), 102.5 (1 C, CCH), 67.5 (1 C, CHN), 55.5 (1 C,
ArOCH3), 54.6 (1 C, OCH3), 48.3 (1 C, CH2) 34.4 (1 C, C(CH3)3),
31.3 (3 C, C(CH3)3); IR (neat, cm−1) 2972, 1196, 1042; HRMS (EI)
calcd for C28H31O2N 413.2349, obsd 413.2347.

4-Ethoxy-2-(4-methoxyphenyl)-1-(4-nitrophenyl)-2,3-dihy-
dro-1H-benz[c]azepine (3f). 3f was prepared according to the typical
procedure from 1b (60.0 mg, 0.29 mmol), imine 2a (112.6 mg, 0.43
mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 30 min of reflux.
Flash chromatography (n-pentane/DCM, 2:1) yielded 3f (84 mg, 69%)
as a yellow viscous oil: Rf = 0.48 (n-pentane/DCM, 1:1); 1H NMR
(400MHz, CDCl3) δ (ppm) 8.10 (d, J = 8.8 Hz, 2 Harom), 7.30 (d, J = 8.8
Hz, 2 Harom), 7.09−7.27 (m, 4 Harom), 6.84 (dt, J = 9.2 Hz, J = 3.6 Hz,
2 Harom), 6.76 (dt, J = 9.2 Hz, J = 3.2 Hz, 2 Harom), 5.89 (s, 1 H, CHC),
5.47 (s, 1 H, CHN), 3.83 (d, J = 16.4 Hz, 1 H, CH2), 3.78 (d, J = 16.4 Hz,
1 H, CH2), 3.72 (s, 3 H, ArOCH3), 3.54 (dq, J = 7.2 Hz, J = 6.8 Hz, 2 H,
OCH2CH3), 1.27 (t, J = 6.8 Hz, 3 H, OCH2CH3);

13C NMR (100MHz,
CDCl3) δ (ppm) 157.6 (1 C, CCOC2H5), 152.9 (1 C, Carom), 150.3
(1 C, Carom), 146.9 (1 C, Carom), 143.6 (1 C, Carom), 136.5 (1 C, Carom),
135.3 (1 C, Carom), 130.7 (1 C, CHarom), 130.5 (1 C, CHarom), 128.8 (2
C, CHarom), 128.0 (1 C, CHarom), 125.3 (1 C, CHarom), 123.3 (2 C,
CHarom), 116.6 (2 C, CHarom), 114.5 (2 C, CHarom), 102.4 (1 C, C
CH), 69.1 (1 C, CHN), 63.0 (1 C, OCH2CH3), 55.5 (1 C, ArOCH3),
49.3 (1 C, CH2) 14.4 (1 C, OCH2CH3); IR (neat, cm−1) 2992, 1199,
1152; HRMS (EI) calcd for C25H24N2O4 416.1731, obsd 416.1736.

4-Ethoxy-2-(4-methoxyphenyl)-1-phenyl-2,3-dihydro-1H-
benz[c]azepine (3g). 3g was prepared according to the typical
procedure from 1b (60 mg, 0.29 mmol), imine 2b (92.5 mg, 0.43 mmol,
1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 1 h of reflux. Flash
chromatography (n-pentane/DCM, 2:1) yielded 3g (77 mg, 71%) as a
yellow viscous oil: Rf = 0.45 (n-pentane/DCM, 1:1); 1H NMR
(400 MHz, CDCl3) δ (ppm) 7.04−7.29 (m, 9 Harom), 6.88 (dt, J =
9.2 Hz, J = 3.6 Hz, 2 Harom), 6.74 (dt, J = 9.2Hz, J = 3.6 Hz, 2 Harom), 6.00
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(s, 1 H, CHC), 5.53 (s, 1 H, CHN), 3.89 (d, J = 17.6 Hz, 1 H, CH2),
3.89 (d, J = 18.0 Hz, 1 H, CH2), 3.72 (dq, J = 6.8 Hz, J = 6.2 Hz, 2 H,
OCH2CH3), 3.70 (s, 3 H, ArOCH3), 1.27 (t, J = 7.2 Hz, 3 H,
OCH2CH3);

13C NMR (100 MHz, CDCl3) δ (ppm) 158.4 (1 C, C
COC2H5), 152.3 (1 C, Carom), 143.4 (1 C, Carom), 141.8 (1 C, Carom),
137.5 (1 C, Carom), 134.7 (1 C, Carom), 130.7 (1 C, CHarom), 130.6 (1 C,
CHarom), 128.7 (2 C, CHarom), 128.3 (2 C, CHarom), 127.2 (1 C, CHarom),
127.0 (1 C, CHarom), 124.7 (1 C, CHarom), 116.1 (2 C, CHarom), 114.4 (2
C, CHarom), 102.9 (1 C, CCH), 68.1 (1 C, CHN), 62.8 (1 C,
OCH2CH3), 55.5 (1 C, ArOCH3), 48.7 (1 C, CH2) 14.5 (1 C,
OCH2CH3); IR (neat, cm−1) 2984, 1311, 992; HRMS (EI) calcd for
C25H25O2N 371.1886, obsd 371.1880.
1-(4-Chlorophenyl)-4-ethoxy-2-(4-methoxyphenyl)-2,3-di-

hydro-1H-benz[c]azepine (3h). 3h was prepared according to the
typical procedure from 1b (60 mg, 0.29 mmol), imine 2c (107.0 mg,
0.43mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 5 h of reflux.
Flash chromatography (n-pentane/DCM, 2:1) yielded 3h (73 mg, 62%)
as a yellow viscous oil: Rf = 0.49 (n-pentane/DCM, 1:1); 1H NMR
(400 MHz, CDCl3) δ (ppm) 7.24 (d, J = 8.8 Hz, 2 Harom), 7.05−7.18
(m, 4Harom), 7.03 (d, J = 8.4 Hz, 2 Harom), 6.86 (dt, J = 9.2 Hz, J = 4.0 Hz,
2 Harom), 6.73 (dt, J = 8.8 Hz, J = 4.0 Hz, 2 Harom), 5.91 (s, 1 H, CHC),
5.52 (s, 1 H, CHN), 3.89 (d, J = 17.2 Hz, 1 H, CH2), 3.73 (d, J = 16.4 Hz,
1 H, CH2), 3.70 (s, 3 H, ArOCH3), 3.62−3.83 (m, 2 H, OCH2CH3),
1.28 (t, J = 7.2 Hz, 3 H, OCH2CH3);

13C NMR (100 MHz, CDCl3)
δ (ppm) 158.2 (1 C, CCOC2H5), 152.5 (1 C, Carom), 143.4 (1 C,
Carom), 140.4 (1 C, Carom), 137.1 (1 C, Carom), 134.8 (1 C, Carom), 132.8
(1 C, Carom), 130.7 (1 C, CHarom), 130.5 (1 C, CHarom), 129.9 (2 C,
CHarom), 128.4 (2 C, CHarom), 127.5 (1 C, CHarom), 124.9 (1 C, CHarom),
116.3 (2 C, CHarom), 114.4 (2 C, CHarom), 102.7 (1 C, CCH), 67.9 (1
C, CHN), 62.8 (1 C, OCH2CH3), 55.5 (1 C, ArOCH3), 48.8 (1 C, CH2)
14.4 (1 C, OCH2CH3); IR (neat, cm−1) 2949, 1276, 1082; HRMS (EI)
calcd for C25H24O2NCl 405.1496, obsd 405.1489.
4-Ethoxy-1,2-bis(4-methoxyphenyl)-2,3-dihydro-1H-benz-

[c]azepine (3i). 3i was prepared according to the typical procedure
from 1b (60 mg, 0.29 mmol), imine 2d (106.0 mg, 0.43 mmol,
1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and
AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE with 5 h of reflux. Flash
chromatography (n-pentane/EtOAc, 30:1) yielded 3i (75 mg, 64%) as a
yellow oil: Rf = 0.43 (n-pentane/EtOAc, 10:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.03−7.17 (m, 4 Harom), 7.00 (d, J = 8.4 Hz, 2 Harom),
6.88 (d, J = 9.2 Hz, 2 Harom), 6.81 (d, J = 8.8 Hz, 2 Harom), 6.73 (d, J =
9.2 Hz, 2 Harom), 5.96 (s, 1 H, CHC), 5.54 (s, 1 H, CHN), 3.90 (d, J =
18.0 Hz, 1 H, CH2), 3.71−3.88 (m, 2 H, OCH2CH3), 3.75 (d, J = 18.0
Hz, 1 H, CH2), 3.77 (s, 3 H, ArOCH3), 3.69 (s, 3 H, ArOCH3), 1.29 (t,
J = 6.8 Hz, 3 H, OCH2CH3);

13C NMR (100 MHz, CDCl3) δ (ppm)
158.6 (1 C, CCOC2H5), 158.5 (1 C, Carom), 152.2 (1 C, Carom), 143.2
(1 C, Carom), 137.8 (1 C, Carom), 134.5 (1 C, Carom), 133.7 (1 C, Carom),
130.8 (1 C, CHarom), 130.4 (1 C, CHarom), 129.9 (2 C, CHarom), 127.1 (1
C, CHarom), 124.7 (1 C, CHarom), 116.1 (2 C, CHarom), 114.3 (2 C,
CHarom), 113.7 (2 C, CHarom), 103.0 (1 C, CCH), 67.3 (1 C, CHN),
62.7 (1 C, OCH2CH3), 55.5 (1 C, ArOCH3), 55.2 (1 C, ArOCH3), 48.3
(1 C, CH2) 14.5 (1 C, OCH2CH3); IR (neat, cm−1) 2989, 1271, 1112;
HRMS (EI) calcd for C26H27O3N 401.1985, obsd 401.1984.
1-(4-(tert-Butyl)phenyl)-4-ethoxy-2-(4-methoxyphenyl)-2,3-

dihydro-1H-benz[c]azepine (3j). 3j was prepared according to the
typical procedure from 1b (60 mg, 0.29 mmol), imine 2e (117.0 mg,
0.43mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for overnight reflux.
Flash chromatography (n-pentane/DCM, 2:1) yielded 3j (76 mg, 70%)
as a yellow oil: Rf = 0.53 (n-pentane/DCM, 1:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 7.29 (d, J = 8.4 Hz, 2 Harom),7.02−7.18 (m, 4 Harom),
7.00 (d, J = 8.4 Hz, 2 Harom), 6.89 (dt, J = 9.2 Hz, J = 4.0 Hz, 2 Harom),
6.73 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom), 6.00 (s, 1 H, CHC), 5.54 (s,
1 H, CHN), 3.90 (d, J = 18.0 Hz, 1 H, CH2), 3.80 (d, J = 17.6 Hz, 1 H,
CH2), 3.77 (dm, 2 H, OCH2CH3), 3.70 (s, 3 H, ArOCH3), 1.29 (t, J =
5.2 Hz, 3 H, OCH2CH3), 1.29 (s, 9 H, C(CH3)3);

13C NMR (100MHz,
CDCl3) δ (ppm) 158.4 (1 C, CCOC2H5), 152.1 (1 C, Carom), 149.9
(1 C, Carom), 143.3 (1 C, Carom), 138.7 (1 C, Carom), 137.7 (1 C, Carom),
134.5 (1 C, Carom), 130.8 (1 C, CHarom), 130.6 (1 C, CHarom), 128.4

(2 C, CHarom), 127.1 (1 C, CHarom), 125.2 (2 C, CHarom), 124.6 (1 C,
CHarom), 116.0 (2 C, CHarom), 114.4 (2 C, CHarom), 103.1 (1 C, C
CH), 67.5 (1 C, CHN), 62.7 (1 C, OCH2CH3), 55.5 (1 C, ArOCH3),
48.5 (1 C, CH2), 34.4, (1C, C(CH3)3), 31.3, (3C, C(CH3)3), 14.5 (1 C,
OCH2CH3); IR (neat, cm−1) 2939, 1266, 1092; HRMS (EI) calcd for
C29H33O2N 427.2511, obsd 427.2512.

4-Methoxy-1-(4-nitrophenyl)-2-phenyl-2,3-dihydro-1H-
benz[c]azepine (3k). 3k was prepared according to the general
procedure from 1a (127.0 mg, 0.62 mmol), imine 2f (211.0 mg,
0.93 mmol, 1.5 equiv), the gold chloride (13.0 mg, 24.5 μmol 0.05
equiv), and AgSbF6 (8,4 mg, 24,5 μmol 0.05 equiv) in DCE for 30 min.
Flash chromatography (n-pentane/DCM, 1:1) yielded 3k (144 mg,
84%) as a yellow oil: Rf = 0.49 (n-pentane/DCM, 1:1); 1H NMR (300
MHz, CDCl3) δ (ppm) 8.10 (m, 2 Harom), 7.12−7.30 (m, 7 Harom), 6.87
(d, J = 8.1 Hz, 2 Harom), 6.79 (d, J = 7.2 Hz, 2 Harom), 6.01 (s, 1 H, CH
C), 5.47 (s, 1 H, CHN), 3.92 (d, J = 16.2 Hz, 1 H, CH2), 3.79 (d, J = 15.9
Hz, 1 H, CH2), 3.50 (s, 3 H, (OCH3);

13C NMR (100 MHz, CDCl3
δ (ppm) 158.1 (1 C, CCOCH3), 150.2 (1 C, Carom), 149.1 (1 C,
Carom), 147.0 (1C, Carom), 136.1 (1C, Carom), 135.2 (1C, Carom), 130.9 (1
C, CHarom), 130.7 (1 C, CHarom), 129.3 (2 C, CHarom), 128.8 (2 C,
CHarom), 128.2 (1 C, CHarom), 125.6 (1 C, CHarom), 123.4 (2 C, CHarom),
118.9 (1 C, CHarom), 114.6 (2 C, CHarom), 102.1 (1 C, CCH), 68.2 (1
C, CHN), 55.0 (1 C, OCH3), 48.3 (1 C, CH2); IR (neat, cm−1) 2931,
1251, 1089; HRMS (EI) calcd for C23H20O3N2 372.1466, obsd 372.1466.

4,8-Dimethoxy-2-(4-methoxyphenyl)-1-(4-nitrophenyl)-2,3-
dihydro-1H-benz[c]azepine 3l. 3l was prepared according to the
general procedure from 1c (68.7 mg, 0.29 mmol), imine 2a (112.6 mg,
0.43mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for 30 min. Flash
chromatography (DCM) yielded 3l (79 mg, 63%) as a yellow oil: Rf =
0.45 (DCM); 1HNMR (400MHz, CDCl3) δ (ppm) 8.11 (d, J = 8.8 Hz,
2 Harom), 7.31 (d, J = 8.8 Hz, 2Harom), 7.09 (d, J = 8.4Hz, 1 Harom), 6.73−
6.87 (m, 6 Harom), 5.85 (s, 1 H, CHC), 5.44 (s, 1 H, CHN), 3.83 (d,
J = 15.2 Hz, 1 H, CH2), 3.78 (s, 3 H, (OCH3), 3.73 (s, 3 H, (ArOCH3),
3.68 (d, J = 16.4 Hz, 1 H, CH2), 3.49 (s, 3 H, (ArOCH3);

13C NMR
(100 MHz, CDCl3) δ (ppm) 157.3 (1 C, CCOCH3), 156.6 (1 C,
Carom), 152.9 (1 C, Carom), 149.8 (1 C, Carom), 146.9 (1 C, Carom), 143.5
(1 C, Carom), 137.9 (1 C, Carom), 131.9 (1 C, Carom), 130.4 (1 C, CHarom),
129.0 (2 C, CHarom), 124.2 (1 C, CHarom), 123.4 (2 C, CHarom), 122.6 (1
C, CHarom), 116.7 (2 C, CHarom), 114.5 (2 C, CHarom), 101.5 (1 C, C
CH), 69.0 (1 C, CHN), 55.5 (1 C, ArOCH3), 55.2 (1 C, ArOCH3), 54.7
(1 C, OCH3), 49.1 (1 C, CH2); IR (neat, cm−1) 2957, 1276, 1091;
HRMS (EI) calcd for C25H24O5N2 432.1680, obsd 432.1677.

8-Chloro-4-methoxy-2-(4-methoxyphenyl)-1-(4-nitrophen-
yl)-2,3-dihydro-1H-benz[c]azepine (3m). 3m was prepared accord-
ing to the general procedure from 1d (70.0 mg, 0.29 mmol), imine 2a
(112.6 mg, 0.43 mmol, 1.5 equiv), the gold chloride (7.8 mg, 14.0 μmol,
0.05 equiv), and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for
15 min. Flash chromatography (DCM) yielded 3m (100 mg, 78%) as a
yellow oil: Rf = 0.38 (DCM); 1H NMR (400 MHz, CDCl3) δ (ppm)
8.12 (d, J = 8.8 Hz, 2 Harom), 7.29 (d, J = 8.4 Hz, 2 Harom), 7.08−7−19
(m, 3 Harom), 6.85 (d, J = 9.2 Hz, 2 Harom), 6.77 (d, J = 8.8 Hz, 2 Harom),
5.87 (s, 1 H, CHC), 5.47 (s, 1 H, CHN), 3.85 (d, J = 16.8 Hz, 1 H,
CH2), 3.72 (s, 3 H, (OCH3), 3.67 (d, J = 16.8 Hz, 1 H, CH2), 3.52 (s,
3 H, (ArOCH3);

13C NMR (100 MHz, CDCl3) δ (ppm) 159.0 (1 C,
CCOCH3), 153.2 (1 C, Carom), 148.9 (1 C, Carom), 147.1(1 C, Carom),
143.1 (1 C, Carom), 138.1 (1 C, Carom), 133.5 (1 C, Carom), 131.9 (1 C,
Carom), 130.7 (1 C, CHarom), 130.1 (1 C, CHarom), 129.0 (2 C, CHarom),
128.1 (1 C, CHarom), 123.5 (2 C, CHarom), 116.9 (2 C, CHarom), 114.5 (2
C, CHarom), 101.2 (1 C, CCH), 68.4 (1 C, CHN), 55.4 (1 C,
ArOCH3), 54.9 (1 C, OCH3), 49.2 (1 C, CH2); IR (neat, cm−1) 2969,
1286, 1110; HRMS (EI) calcd for C24H21ClN2O4 436.1184, obsd
436.1184.

4-Methoxy-2-(4-methoxyphenyl)-8-nitro-1-(4-nitrophenyl)-
2,3-dihydro-1H-benz[c]azepine 3n. 3n was prepared according to
the general procedure from 1e (36.6 mg, 0.14 mmol), imine 2a
(56.3 mg, 0.21 mmol, 1.5 equiv), the gold chloride (3.9 mg, 7.0 μmol,
0.05 equiv), and AgSbF6 (2.4 mg, 7.0 μmol, 0.05 equiv) in DCE for
15 min. Flash chromatography (DCM) yielded 3n (55 mg, 84%) as a
yellow oil: Rf = 0.46 (DCM); 1H NMR (400 MHz, CDCl3) δ (ppm)
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8.17 (d, J = 8.8 Hz, 2 Harom), 8.05−8.08 (m, 2 Harom), 7.27−7.30 (m, 3
Harom), 6.87 (dt, J = 9.2 Hz, J = 3.6 Hz, 2 Harom), 6.77 (dt, J = 9.2 Hz, J =
3.6 Hz, 2 Harom), 6.10 (s, 1 H, CHC), 5.65 (s, 1 H, CHN), 3.96 (d, J =
17.6 Hz, 1 H, CH2), 3.72 (s, 3 H, (OCH3), 3.73 (d, J = 18.0 Hz, 1 H,
CH2), 3.63 (s, 3 H, (ArOCH3);

13C NMR (100 MHz, CDCl3) δ (ppm)
163.4 (1 C, CCOCH3), 153.5 (1 C, Carom), 147.4 (1 C, Carom), 147.4
(1 C, Carom), 144.5 (1 C, Carom), 142.3 (1 C, Carom), 141.9 (1 C, Carom),
137.3 (1 C, Carom), 131.4 (1 C, CHarom), 129.2 (2 C, CHarom), 125.5 (1
C, CHarom), 123.8 (2 C, CHarom), 123.2 (1 C, CHarom), 117.2 (2 C,
CHarom), 114.6 (2 C, CHarom), 101.4 (1 C, CCH), 68.2 (1 C, CHN),
55.4 (1 C, ArOCH3), 55.2 (1 C, OCH3), 49.5 (1 C, CH2); IR (neat,
cm−1) 2971, 1281, 1087; HRMS (EI) calcd for C24H21O6N3 447.1425,
obsd 447.1422.
2-Ethyl-4-methoxy-1-phenyl-2,3-dihydro-1H-benz[c]azepine

(3o). 3o was prepared according to the typical procedure from 1a
(60 mg, 0.29 mmol), imine 2g (58.3 mg, 0.43 mmol, 1.5 equiv), the gold
chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and AgSbF6 (4.8 mg, 14.0 μmol,
0.05 equiv) in DCE with overnight reflux. Flash chromatography (DCM)
yielded 3o (37 mg, 45%) as a yellow oil: Rf = 0.39 (DCM); 1H NMR
(400MHz, CDCl3) δ (ppm) 7.21−7.28 (m, 5 Harom), 7.13 (d, J = 7.6 Hz,
2 Harom), 7.02−7.06 (m, 1 Harom), 6.99 (d, J = 7.6 Hz, 1 Harom), 5.69 (s, 1
H, CHC), 5.09 (s, 1 H, CHN), 3.60 (s, 3 H, OCH3), 3.37 (d, J =
17.6 Hz, 1 H, CH2), 3.63 (dq, J = 7.2 Hz, J = 1.6 Hz, 2 H, NCH2CH3),
3.25 (d, J = 17.6 Hz, 1 H, CH2), 1.14 (t, J = 7.2 Hz, 3 H, OCH2CH3);

13C
NMR (100 MHz, CDCl3) δ (ppm) 159.1 (1 C, CCOC2H5), 142.1 (1
C, Carom), 137.4 (1 C, Carom), 135.4 (1 C, Carom), 130.6 (1 C, CHarom),
129.7 (1 C, CHarom), 128.8 (2 C, CHarom), 128.1 (2 C, CHarom), 127.0 (1
C, CHarom), 126.8 (1 C, CHarom), 124.8 (1 C, CHarom), 101.9 (1 C, C
CH), 69.6 (1 C, CHN), 54.4 (1 C, OCH3), 51.2 (1 C, NCH2CH3), 46.6
(1 C, CH2), 13.4 (1 C, NCH2CH3); IR (neat, cm−1) 2987, 1266, 1082;
HRMS (EI) calcd for C19H21ON 279.1618, obsd 279.1613.
4-Methoxy-N-((1E,3E)-2-methoxypenta-1,3-dienyl)-N-(4-

nitrobenzyl)aniline (4). 4 was prepared according to the general
procedure from 1f (45.8 mg, 0.29 mmol), imine 2a (112.6 mg,
0.44 mmol, 1.5 equiv), gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCM for 15 min. Flash
chromatography (n-pentane/EtOAc, 20:1) yielded 4 (50 mg, 49%) as a
yellow oil: Rf = 0.56 (n-pentane:EtOAc, 10:1); 1H NMR (400 MHz,
CDCl3) δ (ppm) 8.16 (d, J = 8.4 Hz, 2 Harom), 7.41 (d, J = 8.8 Hz, 2
Harom), 6.77 (dt, J = 9.2 Hz, J = 3.2 Hz, 2 Harom), 6.69 (dt, J = 9.2 Hz, J =
3.6 Hz, 2 Harom), 6.16 (s, 1 H, CH3CHCH), 6.09−6.20 (m, 2 H,
CH3CHCH), 5.54 (s, 1 H, CHCOCH3), 4.71 (s, 2 H, CH2N), 3.74
(s, 3 H, (OCH3), 3.68 (s, 3 H, (ArOCH3), 1.74 (d, J = 6.0 Hz, 3 H,
(CH3);

13C NMR (100 MHz, CDCl3) δ (ppm) 154.1 (1 C, C
COCH3), 152.5 (1 C, Carom), 147.0 (1 C, Carom), 142.6 (1 C, Carom),
128.1 (1 C, CH3CHCH), 127.6 (2 C, CHarom), 123.7 (2 C, CHarom),
122.0 (1 C, CH3CHCH), 115.1 (2 C, CHarom), 114.6 (2 C, CHarom),
110.2 (1C, CCOCH3), 57.2 (1 C, CH2N), 55.7 (1 C, ArOCH3), 55.6
(1 C, OCH3), 18.3 (1 C, CH3); IR (neat, cm−1) 3013, 1253, 1089;
HRMS (EI) calcd for C20H22O4N2 354.1574, obsd 354.1573.
2-(4-Methoxyphenyl)-1-(4-nitrophenyl)-2,3-dihydro-1H-

benz[c]azepin-4-yl Pivalate (5a). 5a was prepared according to the
general procedure from 1g (63.5 mg, 0.29 mmol), imine 2a (112 mg,
0.44 mmol, 1.5 equiv), gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv),
and AgSbF6 (4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for 24 h. Flash
chromatography (DCM/n-pentane, 4:1) yielded 5a (65 mg, 47%) as a
yellow oil: Rf = 0.43 (DCM); 1H NMR (400 MHz, CDCl3) δ (ppm)
8.16 (d, J = 8.8 Hz, 2 Harom), 7.32 (d, J = 8.4 Hz, 2 Harom), 7.13−7−25
(m, 4Harom), 7.04 (dt, J = 8.8Hz, J = 4.0 Hz,2Harom), 6.76 (dt, J = 9.2Hz,
J = 3.6 Hz, 2 Harom), 6.22 (d, J = 2.0 Hz,1 H, CHC), 6.08 (s, 1 H,
CHN), 3.97 (d, J = 19.2 Hz, 1 H, CH2), 3.75 (d, J = 19.8 Hz, 1 H, CH2),
3.69 (s, 3 H, (ArOCH3), 1.23 (s, 9 H, ((CH3)3);

13C NMR (100 MHz,
CDCl3) δ (ppm) 177.1 (1 C, CO), 153.4 (1 C, CCOCH3), 150.8
(1 C, Carom), 147.6 (1 C, Carom), 147.2 (1 C, Carom), 142.8 (1 C, Carom),
138.3 (1 C, Carom), 132.2 (1 C, Carom), 132.0 (1 C, CHarom), 130.4 (1 C,
CHarom), 129.7 (1 C, CHarom), 128.0 (2 C, CHarom), 127.3 (1 C, CHarom),
123.7 (2 C, CHarom), 121.0 (1 C, CCH), 118.2 (2 C, CHarom), 114.4
(2 C, CHarom), 68.7 (1 C, CHN), 55.4 (1 C, ArOCH3), 48.5 (1 C, CH2),
38.8 (1 C, C(CH3)3), 27.0 (1 C, C(CH3)3); IR (neat, cm−1) 2991, 1271,
1081; HRMS (EI) calcd for C28H28O5N2 472.1993, obsd 472.1994.

2-(4-Methoxyphenyl)-1-phenyl-2,3-dihydro-1H-benz[c]-
azepin-4-yl Pivalate (5b). 5b was prepared according to the general
procedure from 1f (63.5mg, 0.29mmol), imine 2a (92.5mg, 0.44mmol,
1.5 equiv), gold chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and AgSbF6
(4.8 mg, 14.0 μmol, 0.05 equiv) in DCE for 72 h. Flash chromatography
(DCM) yielded 5b (42 mg, 34%) as a yellow oil: Rf = 0.39 (DCM); 1H
NMR (400 MHz, CDCl3) δ (ppm) 7.27−7.34 (m, 3 Harom), 7.12−7.19
(m, 6 Harom), 7.04 (dt, J = 8.8 Hz, J = 4.0 Hz, 2 Harom), 6.75 (dt, J =
9.2 Hz, J = 3.6 Hz, 2 Harom), 6.19 (d, J = 1.6 Hz,1 H, CHC), 6.10 (s, 1
H, CHN), 3.93 (d, J = 18.8 Hz, 1 H, CH2), 3.84 (d, J = 20.0 Hz, 1 H,
CH2), 3.69 (s, 3 H, (ArOCH3), 1.24 (s, 9 H, ((CH3)3);

13C NMR (100
MHz, CDCl3) δ (ppm) 177.1 (1 C, CO),152.7 (1 C, CCOCH3),
151.1 (1 C, Carom), 143.0 (1 C, Carom), 140.4 (1 C, Carom), 139.8 (1 C,
Carom), 132.1 (1 C, Carom), 132.0 (1 C, CHarom), 130.5 (1 C, CHarom),
128.9 (2 C, CHarom), 128.5 (2 C, CHarom), 127.5 (1 C, CHarom), 127.3 (1
C, CHarom), 126.9 (1 C, CHarom), 120.9 (1 C, CCH), 117.5 (2 C,
CHarom), 114.3 (2 C, CHarom), 68.5 (1 C, CHN), 55.4 (1 C, ArOCH3),
47.8 (1 C, CH2), 38.5 (1 C, C(CH3)3), 27.0 (1 C, C(CH3)3); IR (neat,
cm−1) 2993, 1271, 1109; HRMS (EI) calcd for C28H29O3N 427.2142,
obsd 427.2146.

1-(2,3,4,5,6-d5-Phenyl)prop-2-yn-1-ol (7). 7 was prepared
according to the reported procedure22 from 2,3,4,5,6-d5-benzaldehyde
(6) (666 mg, 6 mmol) in 10 mL of THF and ethynylmagnesium
bromide (18 mL, 9 mmol, 0.5 M in THF). Flash chromatography (n-
pentane/EtOAc, 5:1) yielded 7 (641 mg, 78%) as a colorless oil: Rf =
0.41 (n-pentane/EtOAc, 5:1); 1H NMR (400 MHz, CDCl3) δ (ppm)
5.47 (d, J = 3.6 Hz,1 H, CH(OH)CC), 2.67 (d, J = 2.4 Hz,1 H, C
CH), 2.65 (br s, 1 H, OH); 13C NMR (100 MHz, CDCl3) δ (ppm)
139.8 (1 C, Carom), 127.8−128.4 (m, 3 C, CDarom), 126.2 (t, JC−D = 24.2,
2 C, CDarom), 83.4 (1 C, CCH), 74.8 (1 C, CCH), 64.4 (1 C,
CH(OH)CC); IR (neat, cm−1) 3410, 2969, 1296, 1092; HRMS (EI)
calcd for C9H3D5O 137.0884, obsd 137.0885.

2,3,4,5,6-d5-(1-((2-Methoxypropan-2-yl)oxy)prop-2-yn-1-yl)-
benzene (d5-1a). d5-1a was prepared according to the reported
procedure22 from 7 (500 mg, 3.6 mmol), 2-methoxypropene (4 mL,
solvent), and PPTS (a few crystals). Flash chromatography (n-pentane/
EtOAc, 50:1) yielded d5-1a (650mg, 85%) as a colorless viscous oil: Rf =
0.48 (n-pentane/EtOAc, 10:1); 1H NMR (400 MHz, CDCl3) δ (ppm)
5.42 (d, J = 2.4 Hz,1 H, CHCC), 3.18 (s, 3 H, OCH3), 2.53 (d, J = 2.0
Hz, 1 H, CCH), 1.54 (s, 3 H, CH3), 1.32 (s, 3 H, CH3);

13C NMR
(100 MHz, CDCl3) δ (ppm) 140.0 (1 C, Carom), 127.2−128.2 (m, 3 C,
CDarom), 126.4 (t, JC−D = 24.2, 2 C, CDarom), 101.8 (1 C,C(CH3)2), 84.4
(1 C, CCH), 73.6 (1 C, CCH), 62.5 (1 C, OCH3), 49.4 (1 C,
CHCC), 25.3 (1 C, C(CH3)2), 24.9 (1 C, C(CH3)2); IR (neat, cm−1)
2969, 1284, 1093; HRMS (EI) calcd for C12H7D5O [M-MeOH]+

177.1197, obsd 177.1195.
3,6,7,8,9-d5-4-Methoxy-2-(4-methoxyphenyl)-1-(4-nitro-

phenyl)-2,3-dihydro-1H-benz[c]azepine (d5-3a). d5-3a was pre-
pared according to the general procedure from d5-1a (61.4 mg,
0.29 mmol), imine 2a (112.6 mg, 0.43 mmol, 1.5 equiv), the gold
chloride (7.8 mg, 14.0 μmol, 0.05 equiv), and AgSbF6 (4.8 mg, 14.0
μmol, 0.05 equiv) in DCE for 15 min. Flash chromatography (n-
pentane/EtOAc, 20:1) yielded d5-3a (90 mg, 76%) as a viscous yellow
oil: Rf = 0.55 (n-pentane/EtOAc, 10:1);

1H NMR (400 MHz, CDCl3) δ
(ppm) 8.10 (d, J = 8.8 Hz, 2 Harom), 7.29 (d, J = 8.4 Hz, 2 Harom), 6.85 (d,
J = 9.2 Hz, 2 Harom), 6.76 (d, J = 9.2 Hz, 2 Harom), 5.91 (s, 1 H, CHC),
5.50 (s, 1 H, CHN), 3.71 (s, 3 H, OCH3), 3.69 (s, 1 H, CHD), 3.52 (s, 3
H, ArOCH3);

13C NMR (100 MHz, CDCl3) δ (ppm) 158.3 (1 C, C
COCH3), 152.9 (1 C, Carom), 150.0 (1 C, Carom), 146.9 (1 C, Carom),
143.5 (1 C, Carom), 136.3 (1 C, Carom), 134.9 (1 C, Carom), 130.4 (1 C,
CDarom), 130.3 (t, JC−D = 23.1, 1 C, CDarom), 128.9 (2 C, CHarom), 127.5
(t, JC−D = 24.3, 1 C, CDarom), 124.9 (t, JC−D = 22.9, 1 C, CDarom), 123.4
(2 C, CHarom), 116.6 (2 C, CHarom), 114.5 (2 C, CHarom), 102.0 (1 C,
CCH), 68.8 (1 C, CHN), 55.5 (1 C, ArOCH3), 54.8 (1 C, OCH3),
48.9 (t, JC−D = 21.0, 1 C, CHD); IR (neat, cm−1) 2981, 1298, 1087;
HRMS (EI) calcd for C24H17D5O4N2 407.1888, obsd 407.1885.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401075n | J. Org. Chem. 2013, 78, 7885−78957893



■ ASSOCIATED CONTENT
*S Supporting Information
1H and 13C NMR spectra. This material is available free of charge
via the Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: anne.fiksdahl@chem.ntnu.no.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Research Council of Norway for financial support.

■ REFERENCES
(1) So, M.; Kotake, T.; Matsuura, K.; Inui, M.; Kamimura, A. J. Org.
Chem. 2012, 77, 4017−4028.
(2) (a) Kametani, T.; Fukumoto, K. Heterocycles 1975, 3, 931−1004.
(b) Kouznetsov, V.; Palma, A.; Ewert, C.Curr. Org. Chem. 2001, 5, 519−
551. (c) Meigh, J.-P. K. Sci. Synth. 2004, 17, 825−927.
(3) (a) Chumpradit, S.; Kung, H. F.; Billings, J.; Kung, M. P.; Pan, S. J.
Med. Chem. 1989, 32, 1431−1435;(b) Berger, J. G.; Chang, W. K.; Gold,
E. H.; Elliott, A. J. U.S. Patent 4 996 202, 1991; Chem. Abstr. 1991, 115,
71420;(c) Trybulski, E. J. Eur. Patent Appl. 14 454, 1980; Chem. Abstr.
1984, 94, 30587. (d) Berger, J. G.; Chang, W. K.; Clader, J. W.; Hou, D.;
Chipkin, R. E.; McPhail, A. T. J. Med. Chem. 1989, 32, 1913−1921.
(e) Ohnmacht, C. J., Jr.; McLaren, F. M. J. Heterocycl. Chem. 1991, 28,
1219−1224;(f) Berger, J. G.; Chang, W. K.; Clader, J. W. PCT Int. Appl.
WO Patent 9 205 157, 1992; Chem. Abstr. 1992, 117, 171248;
(g) Berger, J. G.; Chang, W. K.; Gold, E. H.; Clader, J. W. Eur. Patent
299 101, 1989; Chem. Abstr. 1989, 114, 173116;(h) Schering Corp. IS
Patent 83 211, 1991; Chem. Abstr. 1992, 117, 171247. (i) Efange, S. M.
N.;Mash, D. C.; Khare, A. B.; Ouyang, Q. J. Med. Chem. 1998, 41, 4486−
4491. (j) Itil, T. M.; Stock, M. J.; Duffy, A. D.; Esquenazi, A.; Saleuty, B.;
Han, T. H. Curr. Ther. Res. 1972, 14, 136−150. (k) Albert, J. M.; Elie, R.;
Cooper, S. F.; Clermont, A.; Langlois, Y. Curr. Ther. Res. 1977, 21, 786−
795. (l) Elie, R.; Langlois, Y.; Cooper, S. F.; Gravel, G.; Albert, J. M.Can.
J. Psychiatry 1980, 25, 484−491.
(4) Kukla, M. J.; Breslin, H. J.; Diamond, C. J.; Grous, P. P.; Ho, C. Y.;
Miranda, M.; Rodgers, J. D.; Sherill, R. G.; De Clercq, E.; Pauwels, R.;
Andries, K.; Moens, L. J.; Janssen, M. A. C.; Janssen, P. A. J. J. Med. Chem.
1991, 34, 3187−3197.
(5) Kenji, M.; Tomohiro, K.; Toshikazu, G.; Akio, K.; Makoto, I. Eur. J.
Pharmacol. 2007, 563, 83−87.
(6) (a) Das, J. U.S. Patent 4 774 239, 1988; Chem. Abstr. 1989, 110,
23752. (b) Floyd, D. M.; Kimball, S. D.; Krapcho, J.; Das, J.; Turk, C. F.;
Moquin, R. V.; Lago, M. W.; Duff, K. J.; Lee, V. G.; White, R. E.;
Ridgewell, R. E.; Moreland, S.; Brittain, R. J.; Normandin, D. E.;
Hedberg, S. A.; Cucinotta, G. G. J. Med. Chem. 1992, 35, 756−772.
(c) Kimball, S. D.; Floyd, D. M.; Das, J.; Hunt, J. T.; Krapcho, J.;
Rovnyak, G.; Duff, K. J.; Lee, V. G.; Moquin, R. V.; Turk, C. F.; Hedberg,
S. A.; Moreland, S.; Brittain, R. J.; McMullen, D. M.; Normandin, D. E.;
Cucinotta, G . G. J. Med. Chem. 1992, 35, 780−793. (d) Neumeyer, J. L.;
Kula, N. S.; Baldessarini, R. J.; Baindur, N. J. Med. Chem. 1992, 35,
1466−1471.
(7) Cross, P. E.; Arrowsmith, J. E. Eur. Patent 285 323, 1988; Chem.
Abstr. 1989, 110, 173115.
(8) (a) Hino, K.; Nagai, Y.; Uno, H. Chem. Pharm. Bull. 1988, 36,
2386−2400;(b) Vogt, B. R. U.S. Patent 3 985 731, 1976; Chem. Abstr.
1977, 86, 55304.
(9) (a) Grunewald, G. L.; Dahanukar, V. H.; Criscione, K. R. Bioorg.
Med. Chem. 2001, 9, 1957−1965. (b) Grunewald, G. L.; Caldwell, T. M.;
Li, Q.; Criscione, K. R. J. Med. Chem. 2001, 44, 2849−2456.
(10) Heys, J. R.; Senderoff, S. G. J. Org. Chem. 1989, 54, 4702−4706.
(11) Maelicke, A.; Albuquerque, E. X. Drug Discovery Today 1996, 1,
53−59.
(12) Kasparek, S. Adv. Heterocycl. Chem. 1974, 17, 45−98.

(13) Lee, J.; Lee, J.; Szabo, T.; Gonzalez, A. F.; Welter, J. D.; Blumberg,
P. M. Bioorg. Med. Chem. 2001, 9, 1713−1730.
(14) Johnson, P. D.; Aristoff, P. A.; Zurenko, G. E.; Schaadt, R. D.; Yagi,
B. H.; Ford, C.W.; Hamel, J. C.; Stapert, D.; Moerman, J. K. Bioorg. Med.
Chem. Lett. 2003, 13, 4197−4200.
(15) Jesudason, C. D.; Beavers, L. S.; Cramer, J. W.; Dill, J.; Finley, D.
R.; Lindsley, C. W.; Stevens, F. C.; Gadski, R. A.; Oldham, S. W.;
Pickard, R. T.; Siedem, C. S.; Sindelar, D. K.; Singh, A.; Watson, B. M.;
Hipskind, P. A. Bioorg. Med. Chem. Lett. 2006, 16, 3415−3418.
(16) (a) Qadir, M.; Cobb, J.; Sheldrake, P. W.;Whittall, N.; White, A. J.
P.; Hii, K. K.; Horton, P. N.; Hursthouse, M. B. J. Org. Chem. 2005, 70,
1545−1551. (b) Qadir, M.; Cobb, J.; Sheldrake, P. W.; Whittall, N.;
White, A. J. P.; Hii, K. K.; Horton, P. N.; Hursthouse, M. B. J. Org. Chem.
2005, 70, 1552−1557. (c) Seto, M.; Aikawa, K.; Miyamoto, N.; Aramaki,
Y.; Kanzaki, N.; Takashima, K.; Kuze, Y.; Iizawa, Y.; Baba, M.; Shiraishi,
M. J. Med. Chem. 2006, 49, 2037−2048. (d) Boeglin, D.; Bonnet, D.;
Hibert, M. J. Comb. Chem. 2007, 9, 487−500. (e) Singh, V.; Batra, S. Eur.
J. Org. Chem. 2007, 2970−2976. (f) Kotha, S.; Shah, V. R. Eur. J. Org.
Chem. 2008, 1054−1064. (g) Abonia, R.; Cuervo, P.; Insuasty, B.;
Quiroga, J.; Nogueras, M.; Cobo, J. Eur. J. Org. Chem. 2008, 4684−4689.
(h) Ek, F.; Manner, S.; Wistrand, L.-G.; Frejd, T. J. Org. Chem. 2004, 69,
1346−1352. (i) Ito, H.; Harada, T.; Ohmiya, H.; Sawamura, M. Beilstein
J. Org. Chem. 2011, 7, 951−959. (j) Ramachary, D. B.; Narayana, V. V.
Eur. J. Org. Chem. 2011, 3514−3522.
(17) (a) Toda, N.; Tago, K.; Marumoto, S.; Takami, K.; Ori, M.;
Yamada, N.; Koyama, K.; Naruto, S.; Abe, K.; Yamazaki, R.; Hara, T.;
Aoyagi, A.; Abe, Y.; Kanekoc, T.; Kogen, H. Bioorg. Med. Chem. 2003, 11,
4389−4415. (b) Dumoulin, D.; Lebrun, S.; Couture, A.; Deniau, E.;
Grandclaudon, P. ARKIVOC 2010, 195−204. (c) Bradshaw, B.; Evans,
P.; Fletcher, J.; Lee, A. T. L.; Mwashimba, P. G.; Oehlrich, D.; Thomas,
E. J.; Davies, R. H.; Allen, B. C. P.; Broadley, K. J.; Hamrouni, A.;
Escargueil, C. Org. Biomol. Chem. 2008, 6, 2138−2157. (d) Evans, P.;
Lee, A.T. L.; Thomas, E. J. Org. Biomol. Chem. 2008, 6, 2158−2167.
(e) García, A.; Paz, S.; Domínguez, D. Tetrahedron Lett. 2001, 42, 665−
667.
(18) Kostyrko, E. O.; Kovtunenko, V. A.; Kysil, V. M. Chem. Heterocycl.
Compd. 2006, 42, 886−891.
(19) Kisel, V. M.; Kostyrko, E. O.; Kovtunenko, V. A. Chem. Heterocycl.
Compd. 1999, 35, 878−879.
(20) (a) Gung, B. W.; Bailey, L. N.; Wonser, J. Tetrahedron Lett. 2010,
51, 2251−2253. (b) Conyers, R. C.; Gung, B. W. Chem.Eur. J. 2013,
19, 654−664. (c) Pagar, V. Vi.; Jadhav, A. M.; Liu, R.-S. J. Am. Chem. Soc.
2011, 133, 20728−20731. (d) Cai, S.; Liu, Z.; Zhang, W.; Zhao, X.;
Wang, D. Z.Angew. Chem., Int. Ed. 2011, 50, 11133−11137. (e) Shapiro,
N. D.; Toste, F. D. J. Am. Chem. Soc. 2008, 130, 9244−9245. (f) Liu, H.;
Li, X.; Chen, Z.; Hu, W.-X. J. Org. Chem. 2012, 77, 5184−5190.
(g) Shapiro, N. D.; Yun, S.; Toste, F. D. J. Am. Chem. Soc. 2009, 131,
11654−11655.
(21) (a) Sperger, C. A.; Tungen, J. E.; Fiksdahl, A. Eur. J. Org. Chem.
2011, 3719−3722. (b) Iqbal, N.; Sperger, C. A.; Fiksdahl, A. Eur. J. Org.
Chem. 2013, 5, 907−914.
(22) Zhang, G.; Zhang, L. J. Am. Chem. Soc. 2008, 130, 12598−12599.
(23) Zou, Y.; Garayalde, D.; Wang, Q.; Nevado, C.; Goeke, A. Angew.
Chem., Int. Ed. 2008, 47, 10110−10113.
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