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Abstract – Irradiation of the title compounds [(Z)-1] in methanol afforded trans-

3,8a-dihydro-2-dibenzo[f,h]quinolinone derivatives (trans-2) in preference to 

cis-2, all of which serve as precursors of the corresponding 3,4-

dihydrodibenzoquinolinones.  An analysis of the substituent and solvent effects 

on the cyclization occuring from the excited-state (E)-1 showed that the 

reactivity of this (E)-isomer is greatly influenced by the steric bulk of the alkyl 

group attached to the N´-amide nitrogen of the starting 1.  In addition, this 

analysis confirmed that the stabilization of the excited-state (E)-1 (having a 

zwitterionic structure), by hydrogen-bonding and charge-transfer interactions 

with methanol, is an essential prerequisite for the occurrence of the 

photocyclization reaction selectively forming trans-2 and cis-2. 

 

Recently, photoinduced electron transfer (PET) has attracted much attention as a means for activating 

organic molecules, owing to the potential for PET-initiated reactions of these molecules, to pave the way 

for the construction of various heteroatom-containing ring systems exhibiting potent pharmacological 

activities.
1
  In the course of a systematic study on the PET reactions of N-acyl--

dehydroarylalaninamides and N-acyl--dehydroarylalanine alkyl esters, we found that these derivatives 

readily undergo one-electron reduction in the presence of a tertiary aliphatic amine to enable the highly 

selective construction of 3,4-dihydroquinolinone and 4,5-dihydrooxazole ring systems, respectively, 

through the corresponding reactive radical ion pair intermediates.
2,3

  However, all attempts to isolate 

and characterize the cyclization intermediate, the presumed precursor of the substituted 3,4-

dihydroquinolinones, were unsuccessful.
2
  The elucidation of the structure and reactivity of this 

hypothetical intermediate would help to unravel the mechanism for the novel PET-initiated cyclization 

reaction, leading to these six-membered heterocyclic compounds.  In other words, if the cyclized 

intermediate could be isolated, its stability and stereochemistry could be determined. 
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In previous studies, we reported that the selectivity for the formation of the 3,4-

dihydrobenzoquinolinone derivatives is decreased with an increase in the steric bulk of the alkyl group 

attached to the N´-amide nitrogen of the starting -dehydronaphthylalaninamides, the reactivities of 

which are much greater in methanol than in acetonitrile.
2a

  In addition, the 
1
H NMR spectral analysis of 

the photocyclization processes for these naphthylalaninamides confirmed that the naphthalene ring is not 

able to stabilize a cyclization intermediate enough to permit its isolation.  On the basis of the 

reasonable assumption that the -electrons at the 9- and 10-positions on the phenanthrene ring are less 

delocalized than those on the naphthalene ring, we introduced a 9-phenanthryl group into the aryl moiety 

of the starting -dehydroarylalaninamides for the purpose of enhancing the stability of the cyclization 

intermediate.  In this communication, we report the effects of the substituent and solvent on the 

photoreactivity of (Z)-N-acyl--dehydro(9-phenanthryl)alaninamides [(Z)-1a–d, Chart 1] as well as on 

the composition and stability of the cyclization intermediates formed as the precursors of the 

corresponding 3,4-dihydroquinolinone derivatives. 

The starting -dehydrophenanthrylalaninamides of the (Z)-

configuration were prepared in 50–57% overall yields by a 

Knoevenagel-type condensation between 9-phenanthrene-

carbaldehyde and N-benzoylglycine [(Z)-1a–c] or N-

acetylglycine [(Z)-1d] in acetic anhydride containing sodium 

acetate, followed by ring-opening reactions of the resulting 2-

substituted (Z)-4-(9-phenanthrylmethylene)-5(4H)-oxazolone, 

mediated by methylamine [(Z)-1a,d], benzylamine [(Z)-1b], or 

ammonia [(Z)-1c] in THF.
2,4

  To examine the distribution and 

composition of the photoproducts generated under the PET 

conditions, a nitrogen-saturated methanol solution (500 mL) 

containing (Z)-1a (4.0 10
–3

 mol dm
–3

) and triethylamine (TEA, 0.10 mol dm
–3

) was irradiated at 

wavelengths longer than 280 nm for 20 min at room temperature (conversion: 100%, light source: 400 

W high-pressure Hg lamp).  The resulting reaction mixture was immediately subjected to preparative 

thin layer chromatography using silica gel (eluent: EtOAc-hexane or EtOAc-CHCl3).  Standard workup 

led to the isolation of trans-2a [an equimolar mixture of (3S,8aS)- and (3R,8aR)-3-benzoylamino-3,8a-

dihydro-1-methyl-2(1H)-dibenzo[f,h]quinolinones, 60% yield] and cis-2a [an equimolar mixture of 

(3S,8aR)- and (3R,8aS)-3-benzoylamino-3,8a-dihydro-1-methyl-2(1H)-dibenzo[f,h]quinolinones, 18% 

yield], along with additional minor products.
5
  From the mixture of minor products, we isolated     

3-benzoylamino-3,4-dihydro-1-methyl-2(1H)-dibenzo[f,h]quinolinone (3a, <1%) and its structural 

isomers by means of reverse-phase preparative HPLC (mobile phase: MeCN-H2O, 3:2 v/v).
6
  A 

summary of these results is shown in Scheme 1.  The structures of the above products were confirmed 
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by mass spectral analysis as well as 
1
H difference NOE (0% for H

3
-H

8a
 of trans-2a and 5% for H

3
-H

8a
 of 

cis-2a in CDCl3) and 
1
H-

1
H COSY NMR spectral analyses.  In addition to the 

1
H NMR and mass 

spectral analyses of the structural isomers of dihydrodibenzoquinolinone derivative 3a, HPLC analysis 

of these isomers suggested the presence of at least two isomers possessing the same molecular weight as 

3a ([M]
+
 380.43, MALDI TOF-MS).  As shown in Scheme 1, the same product distribution as that of 

(Z)-1a was observed for (Z)-1b–d.  On the other hand, the (E)-isomer of 1a was isolated from the 

reaction mixture obtained by 30-min irradiation of a nitrogen-saturated methanol solution containing 

(Z)-1a (4.0 10
–3

 mol dm
–3

) and benzophenone (2.0 10
–2

 mol dm
–3

) at wavelengths longer than 340 

nm (400 W high-pressure Hg lamp) by a similar workup.
5,7 
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As described above, we isolated the predicted cyclization intermediates, trans-2a and cis-2a, as the 

major photoproducts, constituting 92% of the product mixture (
1
H NMR spectral analysis).  These 

intermediates were stable for a long period of time in the absence of TEA, but slowly converted into 3a 

and its isomers in the presence of this amine, thus providing strong evidence that 2a is the precursor of 

3a.  In addition, this finding led us to predict that the irradiation of a methanol solution of (Z)-1a in the 

absence of TEA may yield trans-2a and cis-2a selectively, without forming any other products.  Since 

these photoproducts underwent negligible decomposition under the irradiation conditions tested, the 

progress of the observed photocyclization was monitored by 
1
H NMR spectrometry.  The results shown 

in Table 1 confirm that 2a is selectively and efficiently formed, being consistent with our prediction.
8
 

Taking into account that the excited-state (E)-1 is highly reactive and serves as the precursor of 2, we 

assumed that the (Z)-isomer adopts a hydrogen bond- and charge-transfer-assisted zwitterion structure 

(shown in Figure 1), which is highly susceptible to isomerization to the (E)-isomer.  As suggested in 

the introductory section, the less delocalized -electrons at the 9- and 10-positions on the phenanthrene 

ring (as compared to -electrons on the naphthalene ring) are more likely to migrate to the N´-amide 

carbonyl oxygen through conjugation in the excited state. 

On the basis of the above consideration, we propose a mechanism that explains the observed product 
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Table 1.  Effects of the substituent and solvent on the conversion of 1 and the composition of 

each compound obtained by the irradiation of (Z)-1 (1.0 x 10Ğ3 mol dmĞ3) at room temperature
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Figure 1.  Schematic illustration of hydrogen-bonding and charge-transfer 

interactions between (Z)-1 and methanol in the excited state

R1 = Me, CH2Ph, H     R2 = Ph, Me

 

 

distribution (Scheme 2).  The nucleophilic attack of the R
1
NH nitrogen at the carbocation at the 10 

position on the ring, which should occur in competition with the deactivation of the excited-state (E)-1 

to the ground-state 1, may afford a zwitterionic cyclization intermediate, and subsequent proton shift and 

keto-enol tautomerization readily converts this intermediate into 2.  The fact that the cyclization of (E)-

1a in methanol does not occur without irradiation suggests the negligible contribution of a zwitterion 

structure in the ground-state (E)-isomer.  Since the conjugated carbonyl oxygen in the excited-state 

(E)-1 is also potentially capable of participation in the cyclization step, we considered the possibility that 

the isolated cyclization intermediate does not possess a lactam ring but an iminolactone ring, as depicted 

in Scheme 2.  The exocyclic carbon-nitrogen double bond in this intermediate is known to be 

susceptible to acid-catalyzed hydrolysis that transforms this double bond into the carbon-oxygen double 

bond.
9
  Thus, the observation that 2a is very stable for a long period of time in 75 vol% DMSO-H2O 
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containing 0.5 mol dm
–3

 HCl at room temperature (
1
H NMR spectral analysis) rules out the possibility 

that the conjugated carbonyl oxygen is involved in the cyclization step described above.  It is likely that 

the intramolecular hydrogen bond formed between the R
2
C(=O)NH hydrogen and the N´-amide 

carbonyl oxygen enables the exclusive participation of the R
1
NH nitrogen in this step.  Another feature 

of the process highlighted by the results given in Table 1 is the preferential formation of trans-2 with 

respect to cis-2.  To elucidate the reason for this bias, the energy-minimized conformations of trans-2a 

and cis-2a were determined by MM2 and PM5 calculations.
10

  A comparison of the heats of formation 

for these two conformations (estimated by the latter calculation), as depicted in Figure 2, established that 

the former isomer is thermodynamically more stable than the latter.  Therefore, we conclude that the 

photochemical conversion of the excited-state (E)-1 into 2 is a thermodynamically controlled process. 

Next, we focused our attention on the effects of the substituent and solvent on the photoreactivity of 1 as 

well as on the distribution and composition of the photoproducts, which are summarized in Table 1.  
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trans-2a (Hf = 19.84 kJ molĞ1) cis-2a (Hf = 28.70 kJ molĞ1)

Figure 2.  Energy-minimized conformations of trans-2a and cis-2a 

and their heats of formation (Hf)  

 

While there was a tendency for the photoreactivity to decrease with an increase in the steric bulk of the 

substituent R
1
: 1a (R

1
 = Me) ≈ 1c (R

1
 = H) >> 1b (R

1
 = CH2Ph), the thermodynamically more stable 

trans-isomers were preferentially formed in all derivatives.  This increase in the steric bulk may 

enhance the energy barrier to the photocyclization of the excited-state (E)-1 but may exert only a minor 

effect on the nucleophilicity of the R
1
NH nitrogen, resulting in an acceleration of the deactivation of this 

(E)-isomer.  Interestingly, irradiation of (Z)-1c under the same conditions as those for (Z)-1a afforded a 

minor amount of the dihydrodibenzoquinolinone derivative 3c in addition to the expected cyclization 

intermediates trans-2c and cis-2c.  A control experiment showed that these intermediates were less 

stable and slowly converted into 3c even in the absence of TEA at room temperature, suggesting that a 

decrease in the steric bulk of the substituent R
1
 lowers the energy barrier for hydrogen migration from 

the 8a-position to the 4-position on the dihydrodibenzoquinolinone ring.  In contrast, the replacement 

of the benzoyl group in 1a by the less bulky and less electron-withdrawing acetyl group 1d exerted a 

negligible effect on the photoreactivity of 1, though it decreased the selectivity of trans-2 formation to 

some extent (74%–67%).  Surprisingly, when a nitrogen-saturated acetonitrile solution of (Z)-1a was 

irradiated at wavelengths longer than 280 nm in the absence of TEA, it underwent only 

photoisomerization to the (E)-isomer without giving any products (Table 1).  Since the polar aprotic 

solvent, acetonitrile, almost has the same polarity as that of methanol, this finding provided a strong 

piece of evidence, supporting the conclusion that the stabilization of a zwitterion structure [for the 

excited-state (E)-1] by hydrogen-bonding and charge-transfer interactions with methanol is a vital 

prerequisite for the occurrence of the observed photocyclization reaction. 
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