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Photochemical 2 + 2 Addition Reaction

to N-alkylphthalimides

Tt was assumed in the previous section that the new

products observed in the tert-butyl and isobutylphthalimide

quenching studies were formed by the reaction of the diene

with the starting material. Alkenes and dienes have been

shown to photochemically add to alkenes, carbonyls, and even

to amides.126 The addition is usually a 2 + 2 reaction yield-

ing a cyclobutane or other substituted four-membered rings.
the Paterno-

The addition of an alkene to a ketone,

Buchi reaction, yields an oxetane.

TUNS G )

The reaction also covers intramolecular additions as shown
: 127
by Meinwald and Hamner.

hv
N CHO ;

0

5 . 128
Substituted acrylamides were shown by Chapman to undergo

lecular 2 + 2 photoreactions to yield B-lactams.

intramo

0 H

, _ Pl

Ph hv H h N i
NH,, _— j + /

- oH—
PH PH H il
16%

o

2:5
(cis and trans)



208

Alkenes and isolated dienes were shown by Elad129’13o

undergo photoamidation with formamide.

>~ ONH,,
hv
+ HCONH2 s
hv
= CH_ ———> CH_CON
RCH=CH, + CHSCONH " 3c HCHQCHQCHQR

major

+ RCH_,CH
> 2CHQCONHCH3

minor

Photoalkylation of 2-pyrrolidone is initiated by acetone,

B 1.8
which acts as a sensitlizer.
H
I,{ % | I!I
= N
N /9 (CHB)QC 0 . 0 /p
IR +
[:—i] hv
+
RCH=:CH2
H ?
' N

CHQCHQR

I+ has thus been seen that the amide and carbonyl alone

are capable of undergoing photoreaction with alkenes. The

intermediate resonance structure of the phthalimide would
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be an iminel, and the photochemistry of this form should be

analogous to that of imino ethers, which have been studied

by a number of investigators.

‘ 32
Paquette, Barton, and Whlpplel began the study of 2-

methoxyazabullvalene with the B-lactam, which was converted

n

- v 6
to the imino ether with (CHB)BO BF The NMR of the ether
on heating to 150° showed that certain peaks coalesced, which

could only be rationalized via a combination of two rapid
Cope rearrangements. Paquette and Krow then studied the

photochemistry of this fluctuating system with the result

that no intramolecular 2 + 2 cycloaddition was observed with

the imino ether double bond. Paquette and Malpassl34 and

Paquette, Malpass, and Krow investigated the photochemi -
cal and thermal tpansformations of an imino ether to yield

7-benzotricyclo-

a benzazabullvalene (3-methoxy-4-aza-6,

Similar results were observed

[3.3.2.0]deca—3,6,9—triene).

in a photolysis of the B-lactam followed by treatment of the

products with tpimethyl oxonium fluoroborate.
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|

N<1_<£ij> o

+ -
(CHy) ;0 BF, Tlﬁ

+ -
(CH3)3O BF), N
o

= \
By VRNaS

no additions to the imino ether moiety

At this point,
had been observed. Odum and Schmall showed that the in-
tegrity of the imino ether was not disturbed in the photo-

preaction of the non-fluxional molecule shown.

e hv

ﬂ:::]:::j>> S N '\\OEtW__——e’ | A

showed in the following conju-

; &
Koch and Brown, however,
gated imino ether that although in most solvents the com-
pound would not react, in certain solvent systems or with

a sensitigzer intramolecular addition to the imino ether

bond would occur.
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OEt
OEt

81llca
b L\ —CHO
V
/sen OMe
OEt
) MeO%/

138

In the following reaction, Koch, Geigel, and Tsai

ed that intramolecular insertion did not work in some

ocH,,
OCH . y )\>\
" CH,OH

N / \>» sens
OCH CH
hv 3 K8

sens

show

cases.,

\x

~.

‘CHQ dﬁg

The quantum yields measured showed that formation of the

azepine was not dependent on which sensitizer was used, but

the dimerization and decomposition quantum yields depended

to a great degree on whether the investigator used aceto-
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phenone or triphenylamine as a sensitizer. The reaction
shows that intramolecular addition to the double bond of
the imino ether is not universal but may depend on the sub-

stituents of the other double bond as well as the photolysis

conditions.

More recently, Koch, Olesen, and DeNiro139 investigated

the photochemistry of the imine shown, which underwent photo-

dimerization in isoprcpanol.

hv ” 0 P
0 i j CH N——t 0
CHj )——OH __w? +
é_____—————
/ CH |
N O2 3

pound due to the unusually

Koch originally studied the com

low bond strength of the C-C bond in the dimer. The most

important concept shown is the photoreactivity of the imine.

. 140 .
Koch and Rodehorst ippadiated 2-phenyl-2-oxalin-H4-one
under various conditions. When the compound was ipradiated in
glyme, the initial product was an isocyanate, which rear-

ranged as shown oOn silica gel.

0
hv . N=C=0 silica /Ji\ H
B 1 L
g Ph gel e i

Ph

The compound Was, however, shown to undergo 2 + 2 cycloaddi-

tion in high yield when alkenes were present.
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0
I
(/M\N " > //Q\N
g A
CH
2 CH 3O/U\‘OCH ; 3

o—

It was determined by Howard and Kochlo3 that an analo-

gous 1socyanate product was produced in the photolysis of

2-ethoxypyrrolin-5-one.

0

0
8 a1 L icw )J\ H
hv (=C=0 silica g N/
) -
“—l\ OC2}hA gel .
5 .
0C,H

OCQH5

The interest in this molecule is that it closely represents

the dipolar resonance form of a substituted phthalimide.

Studies on the photochemistry of 3-ethoxyisoindolene and
alkenes would exactly show the photochemistry of the dipolar

resonance form of the phthalimide with alkenes. A number
of alkenes were shown ToO add to j-ethoxyisoindolene by a 2 +2

cycloaddition as well as by other mechanisms:
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AN ’_}l\)______» Q N (1)

| )|\O OCH,,
OC H S o '
CH.O CH .
o0 3 3 HeCo0 OCH,
H ot
}\N/”
N \ OCH,,
17 OCH

I hv - /L(j ~ N ]
0 e I\l,_fjj o




0 M 0 2 /(‘H 3
| h -
/L‘\N __l)_, @j——]\j—‘:l—c ) % lr (1)
'——_”\ H P H' 8 ()(‘ H
25 2

572 g 50

hv

5 (“ 0
2 b ][ 2 /



C2H5

A

54

~

hv

216

N___.

HSC

0

(7)
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The ring expansion products produced by acid hydrolysis of

the 2 + 2 adduct are the benzazepinediones observed in the

photolysis of N—alkylphthalimides. The first three reac-

tions proceed via 2 +2 cycloaddition exclusively, but the

ring expansion product from the photoaddition of furan and

secondary hydrolysis was not observed because the inter-
mediate decomposed to starting material with heat. The last

s contained products not produced by 2+ 2

four reaction

cycloaddition. Isolation of 53 in the reaction of N-methyl-

phthalimide with tetramethylethylene was unique and could
wing mechanism:

only be explained by the follo

Or 1.
e

r“ A
§-hydrogen

0 RQ Ry
[:::::ljjff::rj>x<11{//RS transfer R, Ry
O : )J\N)g( Ry
“ O |
) -

closure

OC,ﬁH5

-~ oc, H,
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0. Ry
R3
/R2
L B 0,

The process common to reactions (4)-(7) to yield 30, 2}l 52
and 55 (on pages 215 to 216 ) was called the "ene reaction"
and is analogous to the secondary § -hydrogen transfer ob-

served in the photolysis of N—alkylphthalimides containing

§-hydrogens in acetonitrile.
The presence of 53 gave insight to the process occur-

ring in the attempted quenching of N—alkylphthalimidcs by
indicating a degree of double bond character in the CO-N
bond. It was ceptain in the quenching studies that a prod -

uct was being formed with the diene. A number of alkenes

were photoreacted with N—methylphthalimide and phthalimide.
N—methylphthalimide was chosen due to the lack of Y-hydro-
gens necessary to form the (1H)azepinedione products, de-

scribed earlier.

>
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Reaction with furan and N-methylphthalimide failed

to yield a product. Other alkenes such as cyclohexene
2

which did not undergo the 'ene reaction" with 3-ethoxyisoindo-

lene, had been observed by Kanaoka to add to the carbonyl

in N-methylphthalimide by photoreduction. (See page 146 ).

Several alkenes, such as trimethylethylene and tetramethyl-

ethylene, with N-methylphthalimide produced too many prod-

ucts to be isolated and identified. The intermediate

azacyclobutanol would be assumed to open retrotransannularly

to a l-methylazepinedione analogous to the azepinediones

observed earlier. For example, assuming only 2 + 2 eyclo-

addition, the photoreaction of cis 1,3-pentadiene with N-

halimide would yield four inseparable products

methylpht
since there are two double bonds in the diene.
0 CH
/)A\N/’ 3
———CH3
Wosme f
¢/
CH
3 . QCI 3
O 0
CH .
@ CH,
P \V/CH3 ({ \7//CHQLH3
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(There was no observed 2 + 2 addition of alkenes to phthali-

mide with isobutylene and cyclohexene) .
I+ was hoped that an intramolecular 2 + 2 photocyclo-

addition would be produced in the photolysis of 2-propenyl-

phthalimide.

After prolonged iprradiation, however, mno product formation

was detected by analytical TLC or by NMR. Three alkenes

were observed to add in a 2 + 2 fashion to N-methylphthali-

mide giving one or tWO products.

£ N—methylphthalimidg and Isobutylene

Photolysis

Irradiation of a chilled solution of N-methylphthali-

mide and a large exXcess of isobutylene in acetonitrile for

4 hours yielded only one product by analytical TLC and NMR

of the residue of the evaporated peaction mixture. Follow-

ing isolation by preparative TLc and purification by

recrystallization, the mass spec of the product showed a

parent ion at mt/e 217, which indicated the isobutylene had
added, In the IR of the product absence of a band at 3150-

4000 cm—l indicated no amide or alcohol was present. The
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NMR of the product showed three singlets of 6, 3, and 2
hydrogens besides the phenyl signals, which would be consis-

tent for either 2+ 2 adduct, 56 or 57.

The chemical shift of the two-hydrogen singlet was

greater than that for the N—CH3 group, which indicated the

only product of the reaction was 56. The apparent regiose-

lective alkene addition makes several demands on the process

by which the product was formed. Although stereoselectivity

could not be tested in this case, regioselectivity without

stereoselectivity implies a diradical intermediate as in-

voked in the 2 + 2 cycloaddition to 3-ethoxyisoindolene. Turro

had previously observed the mechanism in the photochemical

and the photochemical

to multiple bonds.lq? On the

. - . s 14
addition of olefins to ketones

addition of aromatic thiones

basis of the above information the following mechanism was

proposed for the photochemical addition of isobutylene to

N-methylphthalimide.
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+ _CH
_ , :
O e, ——> e 5
hv NS
W{ a
O_ "
: CH
€
H3 3

o
o)

phthalimide and 1,3-butadiene

Photolysis of N-methyl

Irradiation of a chilled solution of N-methylphthali-

mide and a large excess of 1,3-butadiene in acetonitrile

yielded two products. Addition of butadiene, if it proceeds

arlier proposed for 1,3-penta-

through the same mechanism e

diene and isobutylene, would yield only two products, where

yield four possible products. The

1,3-pentadiene would

eaction would then show the course follow-

products of this r

ed by the attempted quenching reaction.

The products were not equally produced in the reaction.

The relative amounts of the two products in the evaporated
residue of the reaction mixture were analyzed by NMR. The

product ratio was 2.1 when the iprradiation was conducted
through a Corex Filter and H4:1 with quartz—filtored light.
The major product was isolated by preparative TLC and puri-
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fied by recrystallization. Mass spec of the product had a

parent ion at m*/e 215, which indicated that the 1,3-buta-

diene had added. The IR of the products was analogous to

that observed for 56. The NMR of the product showed a

doublet at 1.9-2.16 as an allyl signal adjacent to one hy-

drogen. There are four possible products of the 2 +2 eyclo-

addition:

7\/‘ CH 3 Sl
0
H 0]
58 59 CH
~ ~ 3
0,
Pt 8
N CH3
A /
\
CHS H
6]

60

Besides the N-methyl singlet at 3.1-3.2968 a second singlet

ne at 4.26 indicates that é? and 59 are more

of two hydroge

likely. The chemical shifts expected for methylene hydro-

gens in 60 and 61 as 4a combination of a to a ketone and

allylic would be much less than the observed shift. The

vinyl quartet had a chemical shift of 6.9-7.38 in the major

product and 6.2-6.768 in the minor product. In structure bﬁ
the chemical shift of the vinyl signal would be higher than

tn 59, The final products may arise via secondary

~o
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photoconjugation with the ketone. Steric considerations

would make 58 more favorable than 59. Thus, the major prod-

uct of the reaction is 58, and the minor product, 59. The

products must arise via the following mechanism:

0 CH 0
p > . U
\/CH3 \\/H manme
58 &8 / -
major 0 H minor CH3
rainll1L3 verified the

More recent work by Mazzocchi and Na

above mechanism in the ippadiation of isoprene and N-methyl-

phthalimide. Due to the methyl group on the seven-membered
ring, the double bond cannot photoconjugate. The compound
with the unconjugated double bond was isolated, as well as
the conjugated product from photoaddition to the other

double bond.
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0
N\ CHy 0 CH,
/&v 2 )KN/ :
Q- O )., ©OC 2,
o e 5 ~ [/
0 C/JH3 H,

Photolysis of N-methylphthalimide and Ethyl Vinyl Ether

Irradiation of N-methylphthalimide and excess ethyl vinyl

ether in acetonitrile yielded two products, which were iso-

lated by preparative TLC. The product, analogous to 56, was

purified by recrystallization. Mass sbec of the product show-

ed a parent ion with mt/e 189. The IR was analogous to 56.

The NMR showed two multiplets at 35 and 3.668, which corre-

spond to the signals in 37. Evidence of an ethoxy pattern
was conspicuously absent. The secondary Type II ketone reac-

tion was possible as shown and accounts for one of the prod-
3,4—benzo—6,7—dihydro—l—methylazepine—2,5—dione, 62.

ucts,
h 0
\) | B
CH
3 /«+/ 3
\ J &N
0 /) -0 F

()(1“:)(,‘.”3

el
R
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The other product was considerably more diffieult to

isolate and identify. Repeated preparative TLC showed con-

tamination with starting material. Mass spec of the prod-

uct showed a small amount of starting material (mt/e 161)

and a parent ion for the product at mt/e 159. The IR showed

no amides or alcohol bands, and the NMR was quite simple.

Besides the phenyl and N—CH3 singlet there were a pair of

doublets in the vinyl region corresponding to one hydrogen

each. The doublets were shown to be coupled in a decoupling

experiment, and the coupling constant of ?2Hz was indicative

of geminal coupling in a terminal methylene group. On the

basis of spectral data the structure of 63, 3-methylene-2-

methyl-2-azaindanone, Was assigned.

Generation of the indanone could only be explained by direct

Paterno-Buchi reaction. Such

100
erved by Kanaoka.

addition to the carbonyl, a
a preaction had not been obs The follow-

ing mechanism would explain the formation of the indanone:



The reverse reaction to N-methylphthalimide is probably im-

portant, but because Do product is seen, it is not detected.

(The odor of triethylorthoformate was present in the reac-

the only observed case of a Paterno—

tion mixture.) This 1is

Buchi reaction in the photochemistry of N-alkylphthalimides

and shows that the carbonyl also retains some double bond

character.

The general mechanism proposed for the photochemical

addition of certain alkenes and dienes ToO N-methylphthali-

mide involves the dipolar resonance structure. The alkene

or diene adds to the dipole via a non-concerted diradical,

which promotes the regioselectivity. Closure of the diradi-
cal to the unstable azacyclobutanol is followed by ring ex-

pansion to the azepinediones as shown.
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Photoconjugation will occur, when possible, if dienes

are added. gecondary Type II ketone processes will also

occur when possible. Addition to the carbonyl may also

QeeuY .
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§u. CONCLUSIONS

The products isolated in the photolysis of N-alkyl-

phthalimides were those identified by Kanaoka.Bq The Type

IT reaction proposed by Kanaoka was not as efficient as

Type II reactions in aldehydes, ketones, and esters. The

magnitude of the quantum yield at 0.023 (tert-butyl) was

very low for several reasons. The high efficiencies of the

peactions allowed determination of these low quantum yields.

Reversible Type I reactions would be quantum wasting. In

addition, the usual fluorescence and phosphorescence would

account for the quantum wasting.

Irradiation of a phthalimide optically active in the

Y-position showed that the initial hydrogen abstraction was

not reversible in tept-butanol (the solvent for the quan-

tum yield determination). This process would have been a

well documented quantum waster.

L
Kanaoka, in his study of alkylphthalimides8t and rigid

7 .- i
cyclic imides, 2 asserted that the rigid geometry and ‘the

I-overlap with the additional carbonyl were responsible

for their Type II peactivity. Photolysis of non-rigid N,N-

dibenzoylisobutylamine showed this to be the case.

Kanaoka asserts that phthalimide Type II reactivity

is determined by the stability of the intermediate diradi-

cal without measuring the quantum yields. The relative

quantum yields indicate that this approach 1is oversimpli-

fied. Steric hindrance may prevent the intermediate clo-
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sure of the tertiary diradical to an azacyclobutanol.

Additional evidence shows that the excited state may

be dipolar in nature. Attempted quenching of tert-butyl-

phthalimide and isobutylphthalimide triplet states showed

decreased Type II product formation and increased starting

material disappearance with increased quencher concentra-

tions. I+ was determined that 1,3-butadiene, isobutylene,

and ethyl vinyl ether would add to N-methylphthalimide by

2 cycloadditions. The additions were shown

a variety of 2+

to be regioselective, which implies a diradical intermediate.

tion is due to the dipolar character of the

The alkene addi

phthalimide and proceeds via diradical, closure to an aza-

cyclobutanol, and petrotransannular ring opening to yield

substituted B,H—benzo—B,7—dihydro—l—methylazepine—2,5—

diones. The intermediate diradical and unstable azacyclo-

shown as dipolar structures. Photo-

butanol can only be

eaction occur

conjugation and secondary ketone Type II ¥

when possible. In addition, we isolated in impure form

the first evidence of a Paterno-Buchi reaction in phthali-

mides.





