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’ INTRODUCTION

The alkyne moiety plays an important role in organic chem-
istry, lending itself to a variety of cascade transformations.1

Expanding earlier studies on the development of new organic
reactions where multiple C�H and C�C bonds2 are formed at
the expense of the two alkyne π-systems,3,4 we have shown that it
is possible to break all three bonds of the alkyne moiety, thus
accomplishing its full disassembly via the formation of six new
bonds (Scheme 1).5

Since the strategic use of fragmentation steps occupies an
important niche in the arsenal of synthetic transformations6 and
bioanalytical tools,7,8 we would like to disclose another example
of full alkyne disassembly via the formation of six new bonds at
the two alkyne carbons.9 In this process one carbon undergoes
three formal reduction steps with the formation of three C�H
bonds, whereas the second alkyne carbon undergoes formal
oxidation via the formation of three carbon�nitrogen bonds.
This process can be considered as a cleavage of the alkyne moiety
via disproportionation (Scheme 2).

This work is conceptually related to the literature examples of
efficient Grob fragmentations in 1,4-disubstituted push�pull
systems. Communication of suitable donors (anionic centers,
heteroatom lone pairs, radical centers,10e carbon�metal4 σ-
bonds) with a variety of acceptors (cationic,4 radical,10e and
radical-cationic8,11 centers; π*CdO, π*CdN,

18 π*CdC,
12 and σ*C-X

orbitals6a) via a bridge σ-bond weakens this bond, enabling a
number of efficient fragmentation patterns (Figure 1). Due to the
high donor ability of nitrogen lone pairs13 and high acceptor
ability of carbonyl π*-orbitals, we envisioned that the through-
bond interactions10 between a nitrogen and a β-carbonyl group
would also render such a fragmentation possible. Because the
reactant for the fragmentation should be readily available from

Scheme 1. Alkyne Disassembly with the Formation of CdC,
CdO, and twoC�NBonds at the Expense of the AlkyneMoiety

Scheme 2. Proposed Pathway for the Complete Dispropor-
tionation of Alkyne Moiety
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ABSTRACT: The reaction of diaryl ketoalkynes with 1,2-
diamino ethane leads to the full scission of the triple bond with
the formation of acetophenone and imidazoline fragments. In
this transformation, one of the alkyne carbons undergoes formal
reduction with the formation of three C�H bonds, whereas the other carbon undergoes formal oxidation via the formation of three
C�Nbonds (oneπ and two σ). Computational analysis confirmed that the key fragmentation step proceeds via a six-membered TS
in a concerted manner. Both amines are involved in the fragmentation: the N�H moiety of one amine transfers a proton to the
developing negative charge at the enolate oxygen, while the other amine provides direct stereoelectronic assistance to the C�C
bond cleavage via a hyperconjugative nN f σ*C�C interaction.
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double Michael addition to acetylenic ketones, we have chosen
these ketones as our model fragmentation substrates.

’RESULTS AND DISCUSSION

The keto acetylenes have been prepared via two approaches:
(1) addition of Li-acetylides to an aromatic aldehyde followed by
MnO2 oxidation of the intermediate benzylic alcohol (Scheme 3a)
and (2) one-step reaction involving Pd-catalyzed coupling of
benzoyl chlorides and terminal alkynes14 (Scheme 3b).

If the starting benzoyl chloride is readily available, the latter
synthetic strategy is very efficient and convenient, providing
ketoalkynes in 90�97% yields (Table 1).

Initial experiments found that the first (intermolecular)Michael
addition proceeds smoothly at room temperature in THF as
solvent. Interestingly, the second (intramolecular) Michael addi-
tion proceeds muchmore slowly despite corresponding to a 5-exo-
trig closure favored according to the Baldwin rules.16 Even after 18
h of reflux in THF (65 �C), the initial Michael adduct remained
unchanged. This lack of reactivity can be attributed to the
deactivating effect of the donor amino moiety on the Michael
acceptor π-system. Since intramolecular addition is slow, an
intermolecular reaction of the NH2 group in the initial adduct
with a second ketoalkyne is observed. The formation of bis-adducts
can be minimized by decreasing concentrations of the reagents.

The cascade proceeds beyond the first step only when the reaction
temperaturewas increased to101 �C(refluxingdioxane). Interestingly,
only the final retro-Mannich fragmentation products B and C were
found.The intermediate cyclic products of the second (intramolecular)
Michael additionwere not observed. This observation suggests that the
σC�Cbondcleavage in the cyclized intermediate is faster than5-exo-trig
closure at theπ-bond, in an apparent contradiction to the conventional
wisdom that σ-bonds are stronger than π-bonds.

In the case of fragmentation products with a relatively low
molecular weight, a more convenient procedure, which facilitated
further analysis and isolation, involves running the reaction in a
pressure tube in THF. In several cases, the cascade proceeded to
full conversion only at 125 �C and longer reaction times (entries
1�7, Table 2). In the case of reactive substrates, however, increase

Figure 1. Selected examples of fragmentation patterns in push�pull
1,4-donor�acceptor systems. Donors are shown in red, and acceptors
are shown in blue.

Scheme 3. Two Approaches to the Preparation of Ketoalk-
ynes: (a) from Aldehydes, (b) from Benzoyl Chlorides

Table 1. Structures and Isolated Yields of Ketoalkynes

a Isolated yield.



7484 dx.doi.org/10.1021/jo201259j |J. Org. Chem. 2011, 76, 7482–7490

The Journal of Organic Chemistry ARTICLE

in the conversion at higher temperature does not lead to a
proportional increase in the product yields (entry 7).

The role of π-system polarization is illustrated by the
contrasting effects of p-F substituents at the keto and the
acetylene ends. Whereas fluorine introduction at the alkyne
termini accelerated the overall cascade (∼90% completion at
110 �C after 3 h), the same substitution at the carbonyl end
decreased the reactivity (∼55% of the cyclic product even
after 12 h at the same temperature). We have also investigated
the reactivity of an aliphatic ketoalkyne (Table 2, entry 8).
A lower reaction yield was observed but the fragmentation still
proceeded.

We have further investigated the effect of donor groups and
alkyne polarization on the efficiency of this cascade using
ketoalkynes deactivated by multiple donor substituents at the
keto end. Considerably longer times are needed to reach
comparable conversions when a donor substituent is added at
the alkyne terminus as well (Table 3).

The nature of the intermediates isolated from these reaction
mixtures supports the proposed sequence of reactions in the
fragmentation cascade. Michael addition to the ketoalkyne
quickly provides the vinyl amine A (Scheme 4). The subsequent
intramolecular Michael addition via a 5-exo-trig closure requires
higher temperatures and is likely to be the rate-limiting step in
the overall cascade. The accelerating effect of the p-NO2

substituent agrees with this notion. The final fragmentation step
can be considered as a retro-Mannich reaction which furnishes
the enol of acetophenone and an oxidized form of imine formally
equivalent to a protected benzoic acid.17

A similar transformation has been reported recently by
Nenajdenko et al.,18 who found that treatment of styrenes
bearing acceptors with ethylene diamine gave a mixture of
fluorinated imidazolidines 30 and nonfluorinated imidazolines
32 and 33 (Scheme 5). Formation of imidazolidines 30 occurred
via addition of ethylene diamine at the β-styrene carbon, whereas

compound 31 was formed by the double addition of ethylene
diamine to the halostyrene (or acetylene formed in situ from the
styrene) followed by a fragmentation similar to the one reported
in this work. The CF3 group of the reactant was converted
into C2 of the second imidazoline. Again, one of the alkyne

Table 2. Reactions of Ketoacetylenes with 1,2-Diaminoethane at Elevated Temperaturesa

a Yields were determined by 1H NMR with benzyl phenyl ether as standard.

Table 3. Reaction of Trimethoxy Substituted Substrates with
1,2-Diaminoethane in Refluxing Dioxane

entry R

reaction

time (h)

yield B

(%)

yield C

(%)

yield A2

(%)

1 24, -OCH3 16 24b (47) 24c (23) 24a2 (12)

2 25, -Ph 14 24b (43) 25c (18) 25a2 (6)

3 26, -H 9 24b (45) 16c (42) 26a2 (6)

4 27, -NO2 0.5 24b (35) 27c (34) 27a2 (13)
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carbons is reduced, and the other is oxidized from the formal
point of view.
Computational Studies. To gain further insight into the

reaction in the previous section, we performed computational
studies of the key intramolecular steps of the reaction cascade. All
the reactant, product, and transition-state geometries involved in
the fragmentation reaction and intramolecular Michael addition
were optimized at the B3LYP/6-31+G(d,p) level of theory18,20

and single point calculations at the SCRF-B3LYP/6-31+
G(d,p)//B3LYP/6-31+G(d,p) level with THF solvent using
Gaussian 03 programs.21

The calculated barriers for the 5-exo-trig ring closure via
intramolecular Michael addition at the R,β-unsaturated carbonyl
compound were calculated to be substantial (>26�30 kcal/mol),
with the barrier height correlating with the donor ability of the
vinyl substituent R. An interesting feature of this process is that the
5-exo ring closure is coupled with intramolecular proton transfer
from the nucleophilic nitrogen to the incipient enolate oxygen via a
six-membered resonance-assisted hydrogen bond (RAHB). The
cyclizations are endergonic, slightly less so in THF than in the gas
phase. The data are summarized in Figure 2.
The calculated barrier for the σC�C bond fragmentation is

predicted to be slightly lower than that for the 5-exo-trig closure.
This final step proceeds through a six-membered TS in a
concerted fashion22 where the C�C, N�H and CdO bond
cleavage are coupled with the NdC, CdC and O�H bond
formation. This process is slightly exergonic for the formation
of conjugated enol (R = Ph) and essentially thermoneutral for
R = Me (Figure 3). Enol�ketone tautomerization should make
the overall process thermodynamically favorable for both
substituents. Moreover, inclusion of solvation effects (Self-
Consistent Reaction Field calculations in THF) slightly de-
creased the barriers due to the higher polarity of transition
states in comparison to that of starting materials and made both
cyclizations exergonic.23

The TS geometries are shown in Figure 4. These geometries
illustrate the contrasting roles of two amino groups for the

Figure 2. Calculated activation energies, enthalphies and free energies,
reaction free energies, and transition state geometries (incipient bond
lengths are given in Å) for intramolecularMichael additions via 5-exo-trig
ring closure.

Scheme 4. Reaction at Room Temperature with THF as
Solvent

Scheme 5. Fragmentations of Acceptor Styrenes Reported by
Nenajdenko et al.18 a

aNote that CdN moiety serves as the electrophilic component in the
retro-aldol step instead of CdO moiety in our system.
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fragmentation. Both roles are, however, essential. The first amine
provides an N�H moiety for proton transfer to the developing
negative charge at the enolate oxygen. The effect of N�H 3 3 3O
is interesting considering that its formal reverse, an O�H 3 3 3N
interaction, has been suggested to play an important role in
amine-catalyzed retro-aldol reactions.24 The second amine pro-
vides direct stereoelectronic assistance to the C�C bond cleav-
age via a hyperconjugative nN f σ*C�C interaction. Hyper-
conjugative donor ability of the second nitrogen lone pair is
enhancing by rehybridization13,25 from sp4.3 (80.9% s-character)
to sp8.9 (89.8%) for Me and from sp4.1 (80.3%) to sp10.5 (91.3%)
for Ph in the reactants and transition states.

The important role of the second nitrogen is not surprising;
the presence of two heteroatoms is known to enable the
fragmentation even when orbitals are misaligned, e.g., in carbe-
nogenic fragmentations.26

To further understand the importance of the above nN f
σ*C�C stereoelectronic assistance, we have also calculated retro-
aldol barriers for the simpler retro-Mannich27 reaction of
β-amino and retro-aldol reaction of β-hydroxy 1-phenylpro-
pan-1-ones (Figure 5). In the absence of other substituents at
the breaking bond, the retro-aldol barriers are very high, espe-
cially for the fragmentations of amines.
The presence of a Ph group at the breaking C�C bond

decreased activation barriers for the classic retro-aldol and its
amino version by∼4�5 kcal/mol. In our substrates, the effect of
Ph group ismuch smaller.We attribute this difference to the effect
of the second amino group described above, which provides so
much stabilization to the TS that the additional conjugating
moiety (the Ph group) does not make a big difference.

’CONCLUSION

In summary, we have reported an experimental and computa-
tional study describing a cascade transformation that breaks all
three C�C bonds in a polarized alkyne moiety. Facile inter-
molecular Michael addition is followed by the relatively slow
intramolecular steps. The slowest step corresponds to the 5-exo-
trig closure at the carbonyl-substituted alkene. This process is
facilitated by the coupling of the intramolecular Michael addition
with a concerted proton transfer along a resonance-assisted
H-bond path, which avoids the formation of an unfavorable

Figure 4. (a) Two patterns for H-bond assisted retro-aldol fragmenta-
tion: O�H 3 3 3N assistance identified byHansen et al.24 andN�H 3 3 3O
assistance reported in this work. (b) Stereoelectronic alignment of the
second amine lone pair with the breaking C�C bond in the transition
state of Ph- and Me-substituted substrates.

Figure 3. Calculated activation barriers, reaction energies, and transi-
tion state geometries for fragmentation reaction.

Figure 5. Calculated activation barriers and reaction energies for
classical retro-Mannich27 and retro-aldol reaction.
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zwitterionic intermediate. The final retro-Mannich27 fragmenta-
tion is also fully concerted.

’EXPERIMENTAL SECTION

General Information. All NMR spectra were collected at 400, 500,
and 600 MHz for 1H NMR and 100, 125, and 150 MHz for 13C NMR
using CDCl3 as solvent.
General Procedure for the Synthesis of Ketoalkyne Com-

pounds. A stirred mixture of Pd(PPh3)2Cl2 (19 mg, 0.028 mmol) and
(11 mg, 0.056 mmol) of CuI in THF (5 mL) was purged with nitrogen
for 30 min. Then 0.2 mL (1.42 mmol) of triethylamine, 1.42 mmol of
acid chloride, and acetylene (1.7 mmol) were added successively. The
reaction mixture was then stirred for 3 h at room temperature. Solvents
were evaporated, and the residue was chromatographed on silica gel
(ethyl acetate/hexane) to give the pure product.
General Procedure for the Alkyne Fragmentation. To a

solution of ketoalkyne compound (0.25mmol) in 2.5mLofTHF in a sealed
tubewas added neat ethylenediamine (0.25mmol) via a syringe.Depending
on the condition the temperaturewas raised to 110 or 125 �Cand stirred for
around 12�20 h. Solvent was carefully removed under reduced pressure,
and the yield of the product was determined from crude reactionmixture by
using 1H NMR experiment with benzyl phenyl ether as internal standard.
Acetophenone (16b)28. 1HNMR(400MHz,CDCl3) δ 7.98�7.95

(m, 2H), 7.58�7.55 (m, 1H), 7.48�7.44 (m, 2H), 2.61 (s, 3H).
2-Phenyl-4,5-dihydro-1H-imidazole (16c)29. 1H NMR (400

MHz, CDCl3) δ 7.82 (d, J = 7.8 Hz, 2H), 7.40�7.47 (m, 3H), 6.92 (bs,
1H), 3.60 (s, 4H).
(Z)-3-((2-Aminoethyl)amino)-1,3-diphenylprop-2-en-1-one

(16a1).
1H NMR (400 MHz, CDCl3) δ 11.49 (bs, 1H), 7.89 (d, J = 6.6

Hz, 2H), 7.48�7.36 (m, 8H), 5.79 (s, 1H), 3.28 (dt, J = 6.1, 5.7 Hz, 2H),
2.86 (bs, 2H), 1.48 (bs, 2H); 13C NMR (100 MHz, CDCl3) δ 188.1,
166.7, 139.9, 135.3, 130.4, 129.2, 128.3, 127.9, 127.4, 126.7, 93.4, 47.4,
42.2; HRMS (CI) calcd for C17H19N2O [M + H]+ 267.1497, found
267.1493.
3,30-(Ethane-1,2-diylbis(azanediyl))bis(1,3-diphenylprop-

2-en-1-one) (16a2).
1H NMR (600 MHz, CDCl3) δ 11.26 (bs, 1H),

7.87 (d, J = 6.7 Hz, 2H), 7.48�7.36 (m, 6H), 7.30 (d, J = 6.7 Hz, 2H),
5.75 (s, 1H), 3.35 (t, J = 3.2 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ
188.7, 166.6, 140.0, 135.1, 130.8, 129.5, 128.7, 128.2, 127.6, 127.1, 94.5,
45.1; HRMS (CI) calcd for C32H29N2O2 [M + H]+ 473.2229, found
473.2231.
2-(p-Tolyl)-4,5-dihydro-1H-imidazole (17c)28. 1H NMR (400

MHz, CDCl3) δ 7.70 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 8.1 Hz, 2H), 5.03
(bs, 1H), 3.78 (s, 4H), 2.39 (s, 3H).
(Z)-3-((2-Aminoethyl)amino)-1-phenyl-3-(p-tolyl)prop-2-

en-1-one (17a1).
1H NMR (400 MHz, CDCl3) δ 11.49 (s, 1H), 7.89

(d, J = 7.0 Hz, 2H), 7.46�7.36 (m, 3H), 7.32 (d, J = 7.1 Hz, 2H),
7.28�7.21 (m, 2H), 5.78 (s, 1H), 3.29 (dt, J = 5.1, 5.0 Hz, 2H), 2.85 (bs,
2H), 2.41 (s, 3H), 1.45 (bs, 2H); 13CNMR (100MHz, CDCl3) δ 188.4,
167.3, 140.4, 139.7, 132.8, 130.7, 129.3, 128.2, 127.8, 127.1, 93.7, 47.8,
42.6, 21.4; HRMS (CI) calcd for C18H21N2O [M+H]+ 281.1659, found
281.1654.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(1-phenyl-

3-(p-tolyl)prop-2-en-1-one) (17a2).
1H NMR (400 MHz, CDCl3)

δ 11.24 (s, 1H), 7.85 (d, J = 7.4Hz, 2H), 7.46�7.34 (m, 5H), 7.19 (d, J =
9.0 Hz, 2H), 5.74 (s, 1H), 3.36 (d, J = 3.4 Hz, 2H), 2.41 (s, 3H); 13C
NMR (100 MHz, CDCl3) δ 188.6, 166.9, 140.2, 135.1, 139.7, 132.3,
130.8, 129.4, 128.2, 127.6, 127.1, 94.3, 45.1, 21.4; HRMS (CI) calcd for
C34H33N2O2 [M + H]+ 501.2542, found 501.2548.
2-(4-Fluorophenyl)-4,5-dihydro-1H-imidazole (18c)18. 1H

NMR (400 MHz, CDCl3) δ 7.78�7.83 (m, 2H), 7.06 (t, J = 8.6 Hz,
2H), 5.59 (bs, 1H), 3.78 (s, 4H).

(Z)-3-((2-Aminoethyl)amino)-3-(4-fluorophenyl)-1-phe-
nylprop-2-en-1-one (18a1).

1H NMR (400 MHz, CDCl3) δ 11.45
(s, 1H), 7.89 (d, J = 7.1 Hz, 2H), 7.47�7.36 (m, 5H), 7.14 (t, J = 8.1 Hz,
2H), 5.76 (s, 1H), 3.27 (dt, J = 5.8, 5.8 Hz, 2H), 2.86 (bs, 2H), 1.41 (bs,
2H); 13C NMR (100 MHz, CDCl3) δ 188.6, 165.9, 163.4 (d, J = 255.7
Hz), 140.1, 130.8, 129.9, 129.8, 128.2, 127.1, 115.6 (d, J = 22.0Hz), 93.9,
47.8, 42.5; HRMS (CI) calcd for C17H18FN2O [M + H]+ 285.1403,
found 285.1402.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(3-(4-fluoro-

phenyl)-1-phenylprop-2-en-1-one) (18a2).
1H NMR (600 MHz,

CDCl3) δ 11.2 (s, 1H), 7.86 (d, J = 7.3 Hz, 2H), 7.48�7.37 (m, 3H),
7.31�7.24 (m, 2H), 7.1 (t, J = 7.3 Hz, 2H), 5.73 (s, 1H), 3.33 (d, J = 3.2
Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 188.9, 165.6, 163.3 (J = 250
Hz), 139.8, 131.1, 129.8, 129.7, 128.3, 127.1, 115.8, 94.6, 45.1; HRMS
(CI) calcd for C32H27F2N2O2 [M + H]+ 509.2041, found 509.2035.
1-(p-Tolyl)ethanone (19b)28. 1H NMR (400 MHz, CDCl3)

δ 7.85 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 2.58 (s, 3H), 2.41
(s, 3H).
(Z)-3-((2-Aminoethyl)amino)-3-phenyl-1-(p-tolyl)prop-2-

en-1-one (19a1).
1H NMR (400 MHz, CDCl3) δ 11.45 (s, 1H), 7.80

(d, J = 7.9 Hz, 2H), 7.48�7.38 (m, 5H), 7.19 (d, J = 7.9 Hz, 2H), 5.78 (s,
1H), 3.27 (dt, J = 6.2, 6.0 Hz, 2H), 2.84 (t, J = 6.0 Hz, 2H), 2.37 (s, 3H),
1.45 (bs, 2H); 13C NMR (100 MHz, CDCl3) δ 188.5, 166.7, 141.1,
137.6, 135.8, 129.4, 128.9, 128.6, 127.1, 93.6, 47.8, 42.6, 21.4; HRMS
(CI) calcd for C18H21N2O [M + H]+ 281.1654, found 281.1665.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(3-phenyl-

1-(p-tolyl)prop-2-en-1-one) (19a2).
1H NMR (400 MHz, CDCl3)

δ 11.2 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.49�7.36 (m, 3H), 7.31�7.24
(m, 2H), 7.19 (d, J = 7.8 Hz, 2H), 5.73 (s, 1H), 3.34 (t, J = 3.2 Hz, 2H),
2.38 (s, 3H); 13CNMR (100MHz, CDCl3) δ 188.7, 166.7, 141.3, 137.3,
135.5, 129.5, 128.9, 127.8, 127.7, 127.2, 94.2, 45.1, 21.5; HRMS (CI)
calcd for C34H33N2O2 [M + H]+ 501.2542, found 501.2536.
1-(4-Fluorophenyl)ethanone (20b)18. 1H NMR (400 MHz,

CDCl3) δ 8.01�7.97 (m, 2H), 7.16�7.11 (m, 2H), 2.60 (s, 3H).
(Z)-3-((2-Aminoethyl)amino)-1-(4-fluorophenyl)-3-phenyl-

prop-2-en-1-one (20a1).
1H NMR (600 MHz, CDCl3) δ 11.46

(s, 1H), 7.90 (dd, J = 8.7, 5.6 Hz, 2H), 7.48�7.39 (m, 5H), 7.06 (dd,
J = 8.6, 8.6 Hz, 2H), 5.73 (s, 1H), 3.28 (dt, J = 6.2, 6.1 Hz, 2H), 2.85 (t, J =
6.2Hz, 2H), 1.41 (bs, 2H); 13CNMR (150MHz, CDCl3) δ 187.1, 167.1,
164.5 (d, J= 250.3Hz), 136.0 (d, J= 124.1Hz), 129.6, 129.3, 128.6, 127.7,
115.0, 115.1, 93.3, 47.8, 42.5; HRMS (CI) calcd for C17H18FN2O
[M + H]+ 285.1403, found 285.1404.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(1-(4-fluoro-

phenyl)-3-phenylprop-2-en-1-one) (20a2).
1H NMR (400 MHz,

CDCl3) δ 11.21 (s, 1H), 7.87 (dd, J = 8.6, 5.2 Hz, 2H), 7.47�7.37
(m, 3H), 7.29�7.23 (m, 2H), 7.06 (t, J = 8.6 Hz, 2H), 5.69 (s, 1H), 3.34
(t, J = 3.3 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 187.5, 166.7, 164.6
(d, J= 250.2Hz), 135.6 (d, J= 124.0Hz), 129.6, 129.4, 129.3, 128.7, 127.6,
115.2, 94.3, 44.9; HRMS (CI) calcd for C32H27F2N2O2 [M + H]+

509.2041, found 509.2028.
1-(4-Chlorophenyl)ethanone (21b)30. 1H NMR (400 MHz,

CDCl3) δ 7.88 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 2.58 (s, 3H).
(Z)-3-((2-Aminoethyl)amino)-1-(4-chlorophenyl)-3-phenyl-

prop-2-en-1-one (21a1).
1H NMR (600 MHz, CDCl3) δ 11.5 (bs,

1H), 7.83 (d, J = 8.4 Hz, 2H), 7.47�7.44 (m, 3H), 7.43�7.39 (m, 2H),
7.36 (d, J = 8.4 Hz, 2H), 5.73 (s, 1H), 3.28 (dt, J = 6.1, 6.1 Hz, 2H), 2.86
(t, J = 6.1 Hz, 2H), 1.41 (bs, 2H); 13C NMR (100MHz, CDCl3) δ 186.9,
167.3, 138.6, 136.8, 135.5, 129.6, 128.6, 128.5, 128.4, 127.7, 93.3, 47.8, 42.4;
HRMS(CI) calcd forC17H18N2OCl [M+H]+ 301.1108, found 301.1114.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(1-(4-chloro-

phenyl)-3-phenylprop-2-en-1-one) (21a2).
1H NMR (600

MHz, CDCl3) δ 11.30 (s, 1H), 7.80 (d, J = 8.5 Hz, 2H), 7.45 (d, J =
7.4 Hz, 1H), 7.39 (t, J = 7.4 Hz, 2H), 7.36 (d, J = 8.3 Hz, 2H), 7.25 (d, J =
8.3 Hz, 2H), 5.69 (s, 1H), 3.34 (t, J = 3.0 Hz, 2H); 13CNMR (100MHz,
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CDCl3) δ 187.3, 166.9, 138.4, 137.0, 134.9, 129.6, 128.7, 128.5, 128.4,
127.6, 94.1, 45.1; HRMS (EI) calcd for C32H26N2O2Cl2 [M]+ 540.1371,
found 540.1368.
1-(Naphthalen-2-yl)ethanone (22b)28. 1H NMR (400 MHz,

CDCl3) δ 8.47 (s, 1H), 8.05�8.02 (m, 1H), 7.98�7.95 (m, 1H),
7.91�7.87 (m, 2H), 7.63�7.54 (m, 2H), 2.73 (s, 3H).
(Z)-3-((2-Aminoethyl)amino)-1-(naphthalen-2-yl)-3-phe-

nylprop-2-en-1-one (22a1).
1H NMR (600 MHz, CDCl3) δ 11.59

(bs, 1H), 8.41 (s, 1H), 8.01 (d, J = 8.1 Hz, 2H), 7.9 (d, J = 8.1 Hz, 1H),
7.85 (dd, J = 8.1, 7.5 Hz, 2H), 7.53�7.45 (m, 6H), 5.95 (s, 1H), 3.32 (dt,
J = 6.0 Hz, 2H), 2.89 (t, J = 6.0 Hz, 2H), 1.47 (bs, 2H); 13C NMR (150
MHz, CDCl3) δ 188.3, 167.1, 137.6, 135.8, 134.6, 132.9, 129.5, 129.2,
128.6, 127.8, 127.6, 127.4, 127.1, 94.0, 47.8, 42.5; HRMS (CI) calcd for
C21H21N2O [M + H]+ 317.1654, found 317.1649.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(1-(naphtha-

len-1-yl)-3-phenylprop-2-en-1-one) (22a2).
1H NMR (600 MHz,

CDCl3)δ 11.35 (bs, 1H), 8.37 (s, 1H), 7.98 (d, J=8.3Hz, 1H), 7.89 (d, J=
8.0 Hz, 1H), 7.86�7.82 (m, 2H), 7.54�7.45 (m, 3H), 7.42 (dt, J = 7.5, 7.1
Hz, 2H), 7.33 (d, J = 7.1 Hz, 2H), 5.9 (s, 1H), 3.40 (t, J = 7.1 Hz, 2H); 13C
NMR (100MHz, CDCl3) δ 188.7, 166.8, 137.4, 135.2, 134.7, 132.8, 129.6,
129.3, 128.7, 127.9, 127.7, 127.6, 127.5, 127.2, 126.3, 124.1, 94.7, 45.4;
HRMS (EI) calcd for C40H32N2O2 [M ]+ 572.2464, found 572.2453.
2-Butyl-4,5-dihydro-1H-imidazole (23c). 1HNMR(400MHz,

CDCl3) δ 3.55 (bs, 4H), 2.22 (t, J = 7.0 Hz, 2H), 1.60�1.55 (m, 2H),
1.37�1.32 (m, 2H), 0.89 (t, J = 7.0 Hz, 3H).
(Z)-3-((2-Aminoethyl)amino)-1-(4-fluorophenyl)hept-2-

en-1-one (23a1).
1H NMR (400 MHz, CDCl3) δ 11.46 (s, 1H), 7.86

(dd, J = 8.9, 5.6 Hz, 2H), 7.1 (t, J = 8.9Hz, 2H), 5.63 (s, 1H), 3.28 (dt, J =
6.0, 6.0 Hz, 2H), 2.97 (t, J = 6.2 Hz, 2H), 2.34 (dd, J = 7.7 Hz, 2H),
1.66�1.37 (m, 7H), 0.96 (t, J = 7.3 Hz, 2H); 13C NMR (100 MHz,
CDCl3) δ 186.5, 169.3, 164.5 (d, J = 250.3 Hz), 136.8, 128.8, 115.1,
114.9, 90.9, 46.0, 42.0, 32.4, 30.3, 22.8, 13.8; HRMS (EI) calcd for
C15H22FN2O [M + H]+ 265.1716, found 265.1710.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(1-(4-fluoro-

phenyl)hept-2-en-1-one) (23a2).
1H NMR (400 MHz, CDCl3) δ

11.58 (s, 1H), 7.87 (dd, J = 8.8, 5.5 Hz, 2H), 7.06 (t, J = 8.8Hz, 2H), 5.65
(s, 1H), 3.58 (d, J = 3.3 Hz, 2H), 2.33 (dd, J = 7.8, 7.8 Hz, 2H),
1.62�1.52 (m, 2H), 1.47�1.38 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H); 13C
NMR (100 MHz, CDCl3) δ 187.0, 169.0, 164.7 (d, J = 253.7 Hz), 136.4
129.6, 115.2, 114.9, 91.4, 43.4, 32.0, 30.9, 22.6, 13.8; HRMS (CI) calcd
for C28H35F2N2O2 [M + H]+ 469.2667, found 469.2663.
3-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-

yn-1-one (24)31. Yield 2.23 g (68%), mp 154�156 �C, lit. mp
139�142 �C. IR (cm�1) ν 1664 (CdO), 2194 (CtC); 1H NMR
(400 MHz, CDCl3) δ 7.60 (d, J = 8.9 Hz, 2H), 7.49 (s, 2H), 6.93 (d, J =
8.9Hz, 2H0), 3.94 (d, J = 4.6Hz, 9H), 3.81 (s, 3H). Anal. Calcd: C 69.93;
H 5.56 C19H18O5. Found: C 70.01; H 5.69.
1-(3,4,5-tTrimethoxyphenyl)ethanone (24b)32. IR (neat, cm�1)

ν 1680; 1HNMR (400MHz, CDCl3) δ 7.17 (s, 2H), 3.88�3.87 (m, 9H),
2.54 (s, 3H); 13C NMR(100 MHz, CDCl3): 196.8, 153.0, 142.5, 132.4,
105.7, 60.9, 56.2, 26.4; EI-MS m/z (%) 210 (90) [M]+; HRMS calcd for
C11H14O4 [M] 210.0892, found 210.0889 [M]+.
2-(4-mMethoxyphenyl)-4,5-dihydro-1H-imidazole (24c)33.

Mp 135�140 �C, lit. mp 138�139 �C.34 1HNMR (500MHz, CDCl3) δ
7.84 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H), 3.87 (s, 3H), 3.85 (bs,
4H). MS (ESI): m/z 177.0 [M + H] +.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(3-(4-methoxy-

phenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one) (24a2).
Mp223�225 �C; IR (cm�1) ν 1592 (CdO), 3440 (NH); 1HNMR(400
MHz, CDCl3) δ 11.24 (s, 1H), 7.22 (d, J = 8.5Hz, 2H), 7.10 (s, 2H), 6.92
(d, J = 8.5 Hz, 2H), 5.66 (s, 1H), 3.85 (d, J = 8.5 Hz, 12H), 3.36 (m, 2H);
13CNMR (100MHz, CDCl3) δ 187.4, 166.5, 160.5, 152.8, 140.50, 135.5,
128.2, 127.2, 114.0, 104.2, 93.8, 60.7, 56.1, 55.2, 44.9; HRMS found m/z
712.2979 [M]+, C40H44O10N2, calcd M = 712.2990.

3-([1,10-Biphenyl]-4-yl)-1-(3,4,5-trimethoxyphenyl)prop-
2-yn-1-one (25). Yield 2 g (53%), mp 160�162 �C; IR (cm�1) ν
1627 (CdO), 2202 (CtC); 1HNMR (400MHz, CDCl3) δ 7.75�7.72
(m, 2H), 7.68�7.60 (m, 4H), 7.53 (s, 2H), 7.50�7.45 (m, 2H),
7.43�7.39 (m, 1H), 3.97 (s, 6H), 3.96 (s, 3H); HRMS found m/z
372.1360 [M]+, C24H20O4, calcd M = 372.1356.
2-([1,10-Biphenyl]-4-yl)-4,5-dihydro-1H-imidazole (25c)35.

Mp 200�201 �C, lit. mp 177�179 �C;36 IR (cm�1) ν 1618 (CdN),
3423 (NH); 1H NMR (400 MHz, CDCl3) δ 7.84 (d, J = 8.2 Hz, 2H),
7.63 (t, J = 8 Hz, 4H), 7.45 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H),
3.81 (s, 4H); 13C NMR (100 MHz, CDCl3) δ 164.3, 143.2, 140.1,;
129.2, 128.7, 127.7, 127.3, 127.0, 126.9. Anal. Calcd for C15H14N2: C
81.05; H 6.35; N 12.60. Found: C 81.44; H 6.76; N 12.18.
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(3-([1,10-

biphenyl]-4-yl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one)
(25a2). Mp 253�255 �C; IR, cm�1, ν 1664 (CdO), 3430 (NH); 1H
NMR (400 MHz, CDCl3) δ 11.29 (s, 1H), 7.58 (t, J = 8.5 Hz, 4H),
7.46�7.33 (m, 5H), 7.12 (s, 2H), 5.73 (s, 1H), 3.87 (s, 3H), 3.85 (s, 6H),
3.42 (m, 2H); 13C NMR (100MHz, CDCl3) δ 187.6, 166.2, 152.8, 142.4,
140.6, 140.5, 135.4, 133.7, 128.8, 128.1, 127.8, 127.4, 127.3, 104.2, 93.9,
60.8, 56.1, 45.1.
3-Phenyl-1-(3,4,5-trimethoxyphenyl)prop-2-yn-1-one

(26)37. Yield 1.1 g (47%), mp 87�89 �C, lit. mp 94�95 �C. IR (cm�1) ν
1731 (CdO), 2207 (CtC); 1HNMR (400MHz, CDCl3) δ 7.65�7.63
(d, J = 7.3 Hz, 2H), 7.47�7.41 (m, 5H), 3.94 (s, 9H).
(2Z,20Z)-3,30-(Ethane-1,2-diylbis(azanediyl))bis(3-phenyl-

1-(3,4,5-trimethoxyphenyl) prop-2-en-1-one) (26a2). Mp
202�204 �C; IR (cm�1) ν 3437 (NH); 1H NMR (400 MHz, CDCl3)
δ 11.26 (s, 1H), 7.44 (m, 3H), 7.26 (m, 2H), 7.12 (s, 2H), 5.68 (s, 1H),
3.88 (s, 9H), 3.33 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 187.7,
166.5, 152.8, 140.5, 135.4, 134.9, 129.4, 128.6, 127.5, 104.2, 93.8, 60.8,
56.1, 44.9. Anal. Calcd for C38H40N2O8: C, 69.96; H, 6.18; N, 4.29.
Found: C, 69.94; H, 6.17; N, 4.35.
3-(4-Nitrophenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-yn-

1-one (27)38. Mp 206�207 �C; IR (cm�1) ν 1646 (CdO), 2214
(CtC). 1HNMR (400MHz, CDCl3) δ 8.25 (d, J = 8.7, 2H), 7.8 (d, J =
8.7, 2H), 7.4 (s, 2H), 3.93 (s, 3H), 3.92 (s, 6H). Anal. Calcd for
C18H15NO6: C 63.36; H 4.51; N 4.22. Found: C 63.34; H 4.43; N 4.10.
2-(4-Nitrophenyl)-4,5-dihydro-1H-imidazole (27c)33. Mp

242�244 �C, lit. mp 242�243 �C;34 1H NMR (500 MHz, CDCl3) δ
8.30 (d, J= 8.5Hz, 2H), 7.98 (d, J= 8.5Hz, 2H), 3.95�3.88 (m, 4H);MS
(ESI): m/z 191.9 [M+ H]+.
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