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(5) Abstract

High functional group compatibility of iridium-catalyzed synthesis of enamines from

amides and 1,1,3,3-tetramethyldisiloxane (TMDS) realized facile access of a series of Donor

(D)-7Acceptor (A) conjugated enamines, in which enamine behaves as a donor functional

group. The amide precursors containing reducible functional groups, such as halogen,

carbonyl, and nitro groups, underwent reaction with TMDS to give the corresponding

enamines in high yields. In most cases, chemoselective hydrosilane reduction of the amide

group occurred while other reducible groups remained intact. Absorption and emission

properties including solvatochromic behavior for the resulting D-7-A conjugated enamines

were determined using UV-visible and fluorescent spectra, which provided an understanding

of the donor properties of the CH=CHNPh, group and photofunctional properties of the D-

7-A conjugated enamines as a fluorescent dye. Maximum absorption wavelength (A.,s) of p-

ACS Paragon Plus Environment

Page 2 of 92



Page 3 of 92

oNOYTULT D WN =

The Journal of Organic Chemistry

ZCs¢H4,CH=CHNPh, was predictable from A,,s of p-ZC¢H4NPh,, which was supported by

DFT calculations. Some of the D-7~A conjugated enamines showed fluorescence with

moderate fluorescence quantum yields (@j). Of interest are unusually emissive 7-conjugated

enamines containing a nitro group, which generally behaves as strong quenchers of

fluorescence. Additive effect of B(C4Fs); resulted in significant red-shifts of A, and Ag. In

some cases, high @y was observed in the solution state.

(6) Introduction

Enamines have been recognized as a unique synthetic equivalent to enolates since the

first report by Stork and coworkers.! While condensation of ketones or aldehydes with

secondary amines has been used to produce enamines,'®!¢ recent progress in transition metal-

catalyzed reactions has provided several other alternative synthetic routes.> Among them,

iridium-catalyzed reaction of tertiary amides with 1,1,3,3-tetramethyldisiloxane (TMDS) is

a unique method for preparation of aldenamines with extremely high catalytic efficiency and

excellent functional group compatibility.®> The reaction involves two elementary steps,

hydrosilylation of the C=0 group in amides and subsequent elimination of a silanol from the

resulting silylhemiaminal. In most cases, these two elementary reactions occur spontaneously.
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Amides are less likely than other carbonyl groups, such as ketones and esters, to undergo

hydride reduction.*> As a consequence, selective reduction of amide groups is difficult when

these reducible functional groups exist in the same molecule.*>¢® The iridium-catalyzed

reaction of tertiary amides with TMDS is of particular interest because the reaction is tolerant

of ketone and ester groups to prepare easily the corresponding functionalized aldenamines

from ketoamides and amide esters.33¢

A recent topic in enamine chemistry, which originated from materials science, is the

excellent donor properties of 7z-conjugated enamines.” Since the report by Borsenberger and

coworkers in 1997, hole-transport properties of several aldenamines conjugated to

delocalized aromatic rings have been investigated.”> A recent contribution is facile

preparation of z-conjugated aldenamines from N,N-diaryl-c-arylacetamide derivatives,

which was achieved by the judicious choice of iridium catalysts.® Compared with N,N-

dialkylamides, N,N-diarylamides possess lower reactivity toward reaction with TMDS, and

are more difficult to convert into the corresponding enamines when the catalyst

IrCI(CO)(PPh3), (I) was used. Improved catalysts, such as IrCI(CO)[P(OC¢Fs)3], (II),

IrC1(PPhs3);, and a species generated in situ from [IrCl(7*-1,5-cyclooctadiene)], and

phosphorous ligands, actually provided a method for the synthesis of a series of z-conjugated
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enamines.3%3¢

These results prompted further research. Donor-acceptor z-conjugated dyes (D-7~A

molecules), in which electron-donating (D) and electron-accepting (A) functional groups are

linked by 7-conjugated systems, have attracted considerable attention, especially in relation

to biocompatible fluorescent dye labels, sensitizers of organic solar cells, components of

organic light-emitting diodes, and other applications.® Since 7z-conjugated enamines act as an

excellent electron donor in organic electronics, they were of interest because of their ability

to act as donor functional groups in D-7-A molecules, which has not yet been explored. The

present approach described here involves the preparation of a series of z-conjugated

enamines containing various acceptor functional groups, along with studies on their UV-

visible absorption and emission. A problem to overcome during synthesis was the selective

hydrosilylation/silanol elimination sequence during the iridium-catalyzed reaction of N, N-

diaryl-a-arylacetamides with TMDS, which produces the z-conjugated enamine donor

portion with the acceptor functional groups remaining intact. Enamine formation from

amides essentially involves hydride reduction of a C=0O group, while many acceptor

functional groups are susceptible to hydride reduction.’-¢ However, the selective reaction was

accomplished by a judicious choice of the iridium catalyst. The donor properties of 7~
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conjugated enamines were determined by examination of the UV-visible spectra of the D-7-

A conjugated enamines associated with TD-DFT calculations, and by evaluating the D-7~A

conjugated enamines as a fluorescent dye in the fluorescence spectra.

(7) Results and Discussion

Preparation of D-7~A conjugated enamines. The representative D-7~A conjugated

enamines were p-ZCsH,CH=CHNPh, (4), and a series of enamine products with different

electron-accepting Z groups were synthesized by iridium-catalyzed reaction of the

corresponding tertiary amides, p-ZC¢H,CH,CONPh, (2), with TMDS. A general reaction

procedure involved use of IrCI(CO)(PPh;), (1X, 0.05-0.25 mol%) and TMDS (2 equiv. to 2)

in toluene at room temperature for 2 to 24 h. Reaction proceeded through formation of

silylhemiaminal intermediates (3). In some cases, 3 was a major product of this reaction, and

conversion of 3 to 4 was accomplished with ease by heating at 60 °C. As described previously,

the reaction of N,N-dialkylacetamides with TMDS was complete within 1 h with catalyst

loadings as low as 0.001 mol%.3* In contrast, reaction of N,N-diaryl-a-arylacetamides was

slower, even when using active iridium catalysts such as IrCI(CO)[P(OC¢Fs)s], (1Y) with

higher catalyst loadings at higher temperature for longer reaction times.?® In both cases, E-

ACS Paragon Plus Environment



Page 7 of 92

oNOYTULT D WN =

The Journal of Organic Chemistry

enamine was obtained selectively. Halogens, cyano, carbonyl, and nitro groups were selected

as the acceptor Z groups. These functional groups have a lone pair of electrons for

coordination to the iridium center, which possibly lowers the catalytic activity. Carbonyl and

nitro groups are typical reducible functional groups for hydride reduction, and hydrosilane

reduction of these functional groups is potentially competitive with the enamine syntheses.3

In our previous papers, we reported selective reduction of amide groups with ester and ketone

groups remaining unreacted.’®3¢ However, nitro, cyano and formyl groups have not been

examined yet.

Halogen atoms as acceptor A. Table 1 shows the results for conversion of amides [Z = F

(2b), Cl1 (2¢), Br (2d), and I (2e)] to the corresponding enamines 4b—4e. Treatment of the

amide 2b containing F with TMDS at room temperature for 2 h using IrCl(CO)(PPhs;), (1X,

0.05 mol%) resulted in >99% conversion of 2b to give a mixture of the silylhemiaminal 3b

(85%) and the enamine 4b (9%) (entry 1). Heating the reaction mixture at 60 °C for 1 h led

to complete conversion of 3b to 4b, and 4b was obtained in 91% isolated yield. The Cl

analogue 2¢ reacted with TMDS in a similar manner (entry 2), although the reaction was

somewhat slower and the silylhemiaminal 3¢ was obtained as a single primary product.

Isolated yield of 4¢ after heat treatment was 71%. Although reaction of the Br derivative 2d
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was slower than that of 2¢, as shown in entry 3, the situation was improved when the more

reactive catalyst IrCI(CO)[P(OCgF5)3]; (1Y, 0.03 mol%) was used.?® Reaction was complete

in 2 h, and the desired compound 4d was obtained in 82% isolated yield (entry 4). The iodide-

substituted enamine 4e was the most difficult to synthesize among 4b—4e. After optimizing

the reaction conditions, 2e was converted to 4e using 0.3 mol% of 1Y (entry 6, 72% isolated

yield after 6 h). No silylhemiaminal was detected.

Table 1. Reaction of haloamides 2b-2e with TMDS catalyzed by 1X or 1Y.*

toluene, 60 °C, 1h,

Do OC.. _PPh,
z cat. 1Xor 1Y | . ' P 1X Phsp”"Cl
(0] 2 equiv. TMDS OSi H 1
Toluene * _ Ly OC.| ~P(OC¢Fs)s
NPh; temp, time n NPho NPhy (CeFs0)3P~ Cl
2b-2e 3b-3e 4b - de ' TMDS = Y
Z =F (2b), Cl (2c), Br (2d), | (2e) (-Si = -SiMe,0SiMe,H ) LA H o
Substrate Cat. Temp. | Time | Conv. of NMR Yield (%) Isolated yield of 4 after
Entry
Zz=) (mol%) °O) (h) 2 (%) 3 4 the heat treatment
1 2b (Z=F) 1X (0.05) 25 2 97 86 9 91
2 2¢(Z=Cl) | 1X(0.05) 25 4 95 95 0 71
3 2d (Z=Br) | 1X(0.05) 25 4 48 49 0 --
4 2d (Z=Br) | 1Y (0.03) 30 2 >99 16 83 82
5 2e (Z=1) 1X (0.05) 25 24 12 0 9 -
6 2e(Z=1]) 1Y (0.30) 30 6 >99 0 92 72

“Reactions of the amide (1.00 mmol for entries 1-3 and 5, 0.50 mmol for entries 4 and 6) with TMDS (2.00 mmol for entries

1-3 and 5, 1.00 mmol for entries 4 and 6) were carried out in toluene (10 mL for entries 1-3 and 5, 5 mL for entries 4 and
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6) in the presence of the catalyst 1X or 1Y (0.05 mol% ~0.3 mol%) under inert gas atmosphere. *Products existing in the

reaction mixture. The yields were determined by '"H NMR in the presence of anisole as an internal standard.

Palladium complexes often promote oxidative addition of aryl halides, i.e., replacement

of a C-X bond by a C-H bond in the presence of a hydrosilane.” Although the lower reactivity

of 2d and 2e compared to 2b and 2¢ may be ascribed to oxidative addition of a C-X bond to

a Vaska-type iridium complex, this possibility was excluded because oxidative addition of

the C(sp?)-X bond to 1X is known, but that of a C(sp?)-X bond has not been reported in the

literature.'® No C-X bond reduction by TMDS was actually observed in the reactions shown

in Table 1. The lower reactivity of 2d and 2e instead was considered to be due to coordination

of a lone pair of bromide or iodide to the catalytically active iridium center.

Benzothiadiazole as acceptor A. Benzothiadiazole (BTD) is a typical electron acceptor

utilized for organic semiconductors,!! having lone pairs on either nitrogen or sulfur atoms

which potentially disturb the iridium-catalyzed reactions of the amide with TMDS. Thus, it

was possible to assume that enamine formation could occur from 2f, the amide containing

BTD as an acceptor, though the reaction was disturbed by coordination of sulfur or nitrogen

atoms in the BTD moiety. Reaction of 2f to 4f did not occur when 1X was used as the catalyst.

The use of more reactive catalyst 1Y improved the situation, and treatment of 2f with TMDS
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in the presence of 0.5 mol% 1Y gave 4f as a single product with >99% NMR yield and 42%

isolated yield (Scheme 1).

Scheme 1. Reaction of amide 2f bearing benzothiadiazole moiety with TMDS catalyzed
by 1X or 1Y.

0.5 mol% IrCI(CO)(PPhs), (1X) o ‘
v

0.5 mol% IrCI(CO)P(OCqFs)als (1Y) y
2 equiv. TMDS N O
S—N
NPhy Toluene, 30 °C, 2 h ~ “NPh,
2f (0.5 mmol) 4f
with 1X:  0%? (-)°
@H NMR vyield (anisole was used as an internal standard) ®Isolated yield with 1Y : >99%? (42%)P

Cyano and alkoxycarbonyl groups as acceptor A. Cyano and alkoxycarbonyl groups undergo

hydride reduction upon treatment with a strong reducing reagent such as LiAlH4.>¢ Their

lone pairs potentially coordinate to the iridium center, slowing the reaction. While potential

reduction of the Z groups in 2g (Z = CN) and 2h (Z = CO,Me) was possible, these reactions

occurred selectively only for the amide as shown in Table 2. No reaction occurred with 2g in

the presence of 0.05 mol% 1X (entry 1). Use of 1Y in higher catalyst loadings (0.5 mol%) at

30 °C led to complete conversion of 2g after 1 h to form the corresponding silylhemiaminal

quantitatively. After heat treatment, the desired enamine was isolated in 58% yield. Reaction

of 2h catalyzed by 0.1 mol% 1X resulted in low conversion of 2h, due to the low solubility
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of amide 2h in toluene (entry 3). Use of CH,Cl, instead of toluene improved the conversion

oNOYTULT D WN =

of 2h, as shown in entry 4. Improvement also was made by using 1Y as the catalyst in toluene,
leading to >99% conversion of 2h after 2 h, and a mixture of 3h (32%) and 4h (66%) was

obtained.

21 Table 2. Reaction of amides bearing cyano (2g) or methoxycarbonyl (2h) groups with
22 TMDS catalyzed by 1X or 1Y.¢

toluene, 60 °C, 1h

25 cat. IrCI(CO)(PPhs), (1X) or I V
cat. IrCI(CO){P(OCqFs)s}s (1Y)

z z ) z
57 \©\)?\ 2 equiv. TMDS \©\/T\SI \©\/It
+
28 NPh, Toluene, temp, time Y NPh, ~ “NPh,
29 2g, 2h 3g, 3h 49, 4h

Z = CN (2g), CO,Me (2h) ( -Si = -SiMe,0SiMe,H )

NMR Yield

Substrate Cat. Temp. | Time | Conv. of o/ Isolated yield of 4 after
34 Entry (%)
35 (Z=) (mol%) O | () 2 (%) the heat treatment

38 1 2g (Z=CN) 1X (0.05) | 25 24 0 0 0 -

2 2g (Z=CN) 1Y (0.5) 30 1 >99 >99 0 58

3 | 2h(Z=COMe) | 1X(0.1) 30 19 10 10 0 -

43 4¢ | 2h(Z=COMe) | 1X(0.1) 30 19 >99 >99 0 61

45 5 2h (Z=CO;Me) | 1Y (0.1) 30 2 >99 32 66 --

47 @ Reactions of the amide (0.50 mmol) with TMDS (1.0 mmol) were carried out in the presence of and the catalyst 1X or 1Y
49 (0.05 mol% ~0.5 mol%) under inert gas atmosphere. Toluene was used as the solvent unless otherwise noted. ? Products
50 existing in the reaction mixture. The yields were determined by '"H NMR in the presence of anisole as an internal standard.

52 ¢CH,Cl, was used as solvent.
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Formyl and acetyl groups as acceptor A. Aldehydes and ketones are more susceptible than

carboxylic acid derivatives to hydride reduction.>® As a consequence, iridium-catalyzed

enamine formation from amides and TMDS is accompanied by reduction of the C=0O bond

in formyl or acetyl groups as a side reaction. The lone pairs on the oxygen atom of the

aldehydes and ketones have the potential to suppress the catalytic activity. This effect can be

seen in Table 3, entries 1 and 3. The ketoamide 2i (Z = COMe) did not react with TMDS

with 0.01 mol% 1X, whereas both amide and acetyl groups underwent reaction with TMDS

to form enamines with a siloxy group 4j, when 1Y (0.05 mol%) was used as the catalyst. The

situation was improved when the amount of 1X was increased to 0.25 mol% (entry 2);

selective preparation of ketoenamine 4i was achieved after 2 h (>99% conversion of 2i, >99%

selectivity of the reaction, 68% isolated yield of 4i). Aldehydes are more reactive than

ketones toward hydride reduction. Reaction conditions were optimized based on the

experimental results shown in entries 4—11. Similar to the reactions of 2i, no reaction of 2k

occurred with a low catalyst loading (0.01 mol%, entry 4), whereas use of catalyst 1Y

resulted in hydrosilylation of both amide and formyl groups to form 31 (entry 11). When the

catalyst loading was increased to 0.1 mol% and the amount of TMDS was reduced from 2

equiv. per 2Kk to 1 equiv., conversion of 2i was moderate (entries 6-10). The optimized result
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was use of 0.1 mol% of 1X with 2 equiv. of TMDS to 2i at room temperature for 2 h, which

oNOYTULT D WN =

gave three products, 3Kk, 4k, and 31. After heat treatment of the mixture, all 3k and 31 were
converted to 4k and 41, respectively. Chromatographic separation from 4l resulted in isolation

of 4k in 44% yield (entry 5).

21 Table 3. Reaction of amides bearing acetyl (2i) and formyl (2k) group with TMDS
22 catalyzed by 1X or 1Y.*

26 cat. 1Xor 1Y
TMDS
27
NPh, Toluene NPh2 NPh2 NPh,

28 temp, time
29 2i (R=Me), 2k (R = H) (R = Me), 3kR H) (R = Me), 3I(R H)  2j(R=Me), 2l (R=H)

31 60°C,1h

___________________________ [R=H]
32 1X IrCI(CO)(PPh3), : )‘\©\/k m
33 D1 = ICI(CONP(OCF ) | Z “NPh, 7~ "NPh,

34 H SI SiMe,0SiMesH
-------------------------- (R=Me), 4k (R =H) 4j (R =Me), 41 (R=H)

1 0/\b
39 Equiv. Conv. NMR yields (%) Isolated
40 En Cat. Temp. | Time
-R of of 2 [ Desired product | [ Undesired product ] Yields
4 try (mol%) CC) | ()
42 TMDS (%)’

3ior3k | 4iordk | 3jor3l | 4jord4l | 2jor2l of 4

44 | 1X (0.01) 2.0 30 19 0 - ; ) . . .

-Me
46 2 1X (0.25) 2.0 30 2 >99 0 >99 0 0 0 68¢
47 (2i)

48 3 1Y (0.05) 2.0 30 0.5 >99 0 0 0 >99 0 -

50 4 1X (0.01) | 2.0 25 4 3 3 0 0 0 0 -

52 5 1X (0.1) 2.0 25 2 80 67 0 12 0 1 444
(2k)

6 1X(0.1) 1.3 25 4 57 37 0 7 0 6 -
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7 1X (0.1) 1.1 25 56 45 0 4 0 3 -
8 1X(0.1) 1.0 25 63 41 0 8 0 5 -
9 1X(0.2) 1.0 25 79 48 16 10 0 2 -
10 1X (0.1) 1.0 30 53 34 10 6 0 3 -
11 1Y (0.1) 2.0 25 >99 0 0 0 68 29 -

“Reactions of 2i or 2k (0.50 mmol) with TMDS (1.0 mmol) were carried out in toluene (5.0 mL) in the presence of the

catalyst (0.01 mol% ~0.25 mol%) under an inert gas atmosphere. *Determined by 'H NMR in the presence of anisole as an

internal standard. “Isolated yield after short column chromatography. A reaction mixture was subjected to heat treatment

to convert 3Kk to 4k. The resulting product was purified by column chromatography to separate 4k from byproducts.

NO; group as acceptor A. Nitro groups are not reduced with many hydride reagents, although

they are easily converted to an NH, or NHOH group by catalytic reduction with hydrogen!?

or hydrosilanes,!? or by reduction with Fe powder in acetic acid.'* Nitro groups have lone

pairs on the oxygen, which potentially coordinate to transition metals and reduce catalytic

activity. The reaction of 2m (Z = NO,) with TMDS in the presence of 0.5 mol% 1Y at room

temperature resulted in quantitative conversion of 2m after 2 h, while no reaction proceeded

when 1X was used as the catalyst. After heat treatment, 4m was obtained as a single product

in 61% isolated yield (Table 4).

Table 4. Synthesis of z-conjugated enamines containing a NO, group.”
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ON @ o] 1)0.5 mol% IrCICOXP(OCeFs)al2 (1Y), o,N @ H
9 NAr, 2 equiv. TMDS, Toluene, 30°C, 6 h Z NAr,
R 2) Toluene, 60°C, 1 h R
Amide 2, 5-8 Enamine 4, 9-12

yield
(%)°°

a0 ol O
N Z >99%
(61%)
@ /© /©\/\N/© 97%
(73%)
é

entry amide enamine

3 @

N02 NO,
4m

98%
(75%)

N 98%

(79%)
5 9

5 N Z >N 96%
o) o) (40%)
6 10

O,N
: 2 ) @
6 N =z N 95%
(58%)
7
OZN‘\‘\)L )
g ‘”NJQ

(59%)
8 12

@Reactions of amides (0.50 mmol) with TMDS (1.0 mmol) were conducted in toluene (5.0 mL) in the presence of 1Y (0.5
mol%) under an inert gas atmosphere. “Determined by '"H NMR in the presence of anisole as an internal standard. “Isolated
yield in parentheses. Primary products obtained by the reactions of the amides are a mixture of the silylhemiaminal and the

enamine, which were converted to the enamine by thermal treatment.
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The ease of synthesizing enamine 4m bearing a strongly electron-accepting NO, group

prompted the preparation of a series of nitro enamines other than p-O,NCcH,CH=CHNPh,.

The derivatization improved understanding of the donor properties of enamines in D-7-A

molecules. The first point of the derivatization was the position change of the NO, group

from the para- to the meta- (4m”) or ortho-position (4m”). The second point is alteration of

the NPh, group to more electron-donating N(p-anisyl), (9) or phenoxazinyl moiety (10). The

third point is introduction of a methyl group on the C=C moiety at the f-position of the NPh,

group (11). The fourth is elongation of the z-conjugate bridge by introduction of a C¢Hy

moiety (12). As summarized in Table 4, all of the derivatives were synthesized with the same

procedure used for preparation of 4m. Conversion of the starting materials and NMR yield

of the product were >99%, but the isolated yields were lower because of losses during the

purification process.

Absorption and emission spectra of 4. Properties of D-7~A enamines synthesized as

described above were investigated by UV-visible spectroscopy with the aid of TD-DFT

calculations. Table 5 shows experimentally obtained absorption wavelengths in toluene, in

the solid state, and absorption wavelengths calculated by TD-DFT of compounds 4b-4i, 4Kk,

ACS Paragon Plus Environment
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4m, 4m’, 4m”, and 9-12. The calculated energy gap between the HOMO and LUMO of each

compound also is provided. Solvent effects were not included in the TD-DFT data described

in this table, indicating that the calculated values are those in gas phase. The calculated gas-

phase absorption could be compared to those in non-polar solvents such as toluene.

Experimental and calculated details are summarized in SI.

Table 5. Summary of experimentally obtained absorption and emission wavelengths (in
toluene/solid state), calculated wavelengths (in gas phase) and HOMO-LUMO gap

energies for enamines 4b—4m” and 9-12.

Absorption Emission
Exp.® Calcd. (gas phase)” Exp. in toluene Exp. in solid state
Com
En bou AEso
tI"y . ﬂabs [nm]
nd Aabs [nm] in toluene . . MO - Aex A Aex An
in solid Acalc [nm] Oy Dy
( &max [em- M1]) wovo | [nm] | [nm] [nm] | [nm]
state
[eV]
1 4b 309 (25,700), 332 (19,200) 325,351 329, 355 3.99 310 | 386 | <0.01¢ | 325 - ~
2 4c 319 (22,800), 345 (24,600) 344,363 331,357 3.92 345 | 405 | <0.01¢ | 363 419 0.05
3 4d 319 (19,100), 347 (21,900) 337,364 331,359 3.90 350 | 405 | <0.01¢ | 364 422 <0.01
4 4e 309 (29,500), 349 (34,200) 350, 392 331,360¢ | 3.90¢ | 350 [ 408 [ <0.01¢ | 392 437 <0.01
316 (28,300), 345 (18,500), | 326,366, | 338,371,
5 4f 2.57 425 | 552 0.61 470 624 0.07
426 (12,100) 470 547

6 4g 292 (33,700), 370 (31,700) 314, 390 256, 373 3.64 370 | 426 | <0.01¢ | 390 457 0.01
7 4h 315 (11,100), 370 (34,300) 307,399 257,378 3.61 370 | 432 | <0.01¢ | 399 474 0.06
8 4i 306 (10,600), 380 (30,200) 315,394 285, 389 3.48 380 [ 440 | <0.01¢ | 394 489 0.04
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9 4k 290 (15,000), 392 (26,500) 307, 408 284,392 3.41 390 | 450 | <0.01¢ [ 408 511

0.05

10 [ 4m [ 291 (14,500), 424 (21,700) 304, 487 299, 440 3.03 425 | 525 0.54 487 o~

11 | 4m’ | 317 (20,500), 341 (27,000) 354, 548 346, 524 2.83 340 | 585 | <0.01¢ | 345 o~

287 (13,500), 334 (10,300), | 340,362, | 322,346,
12 | 4m” 294 | 335 | 460 | <0.01¢ | 300 | 494
412 (3,400) 551 501

0.01

13 9 291 (20,200), 445 (19,500) 311, 466 299, 464 2.87 445 | 575 0.22 466 o~

141 10 288 (11,900), 431 (17,000) 308, 421 280, 451 2.98 430 | 494 | <0.01¢ | 446 —

15 11 290 (20,800), 425 (12,800) 310, 474 306, 478 2.89 425 | 562 0.13 474 605

0.01

16 | 12 309 (23,800), 413 (26,000) 318, 447 361, 524 2.62 415 | 550 0.64 450 -~

“Maximum absorption wavelengths of enamines in the solid state were described. Those for toluene solution in 10-> M were
also described with g,,,. ?Calculation was performed under the condition described in experimental section unless otherwise
noted. 12 excited states were calculated for TD-DFT. <SDD basis set was selected for 1 atom. YAbsolute fluorescence
quantum yield was described unless otherwise noted. “Determined by intensity relative to quinine sulfite (@, 0.55, ex. 350

nm) in 0.5 M sulfuric acid./Not detected.

Two absorption peaks were observed at 300—-500 nm for the compounds listed in the table,

but the assignment of the peaks for the halogen derivatives 4b—4e was different than those

for the other compounds. In 4b (Z = F), 4¢ (Z = Cl), 4d (Z = Br), and 4e (Z = 1), TD-DFT

predicted two signals at ca. 330 and ca. 360 nm, which agree with those observed in UV-vis

spectra in toluene. As shown in Fig. 1, the HOMO and LUMO of these compounds were 7

and 7*, respectively, in which orbitals are extensively delocalized in the molecules. The

LUMO+1 of 4¢ and 4d, and LUMO+2 of 4b and 4e, consisted of 7* of the NPh, moiety
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(m*), which has an energy level close to the LUMO. The two absorption maxima observed
in the UV-vis spectra of 4b—4e were ascribed to 7-7* and 7-m* transitions. In contrast, other
compounds except 4f provided a small and a large absorption peak around 260-340 nm and
370-500 nm. The former was a mixture of local transitions including 7 to 7* of the NPh,
moiety, whereas the latter was due to the 7=7* transition. Although the reason is not clear,

the TD-DFT calculations of 4f did not reproduce the experimentally observed absorption

W&{P

spectra.

7 (HOMO) 7 (LUMO)
@ @ for 4a - 4e @ @ for 4a - 4e LUMO+1 for 4c, 4d
@ @ for 4g - 4m @ @ for 4g - 4m LUMO+2 for 4b, 4e

Figure 1. Molecular orbitals for enamines 4.

Figure 2 shows plots of HOMO and LUMO energy levels of 4a—4m. The HOMO and

LUMO levels of each compound were lower than those calculated for 4a having no

substituent on the benzene ring. While the energy level change was relatively small in the

halogen derivatives 4b—4e, fewer of the compounds showed a lowering in the energy level

of the HOMO (0.2-0.5 eV) and, more significantly, that of LUMO (0.6—-1.5 eV). These
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significant reductions in the energy level in the LUMO were due to the excellent 7-acceptor

nature of C=N, C=0(OMe), C=0(Me), C=0O(H), and NO,, to which 7z-electrons in the

enamines extensively delocalized. The effect of the NO, group was the most significant,

which lowered the HOMO and LUMO levels of 4m by 0.53 and 1.49 eV compared with

those of 2a. Similar effects of the NO, group were generally seen in the HOMO and LUMO

levels of a series of nitro derivatives, 4m, 4m’, 4m’’, and 9—-12 (see 2-/ in SI). The HOMO-

LUMO gap of 4b—4e was similar to that of 4a, whereas that of the other compounds was

smaller. This is in accord with the red-shift of the absorption of 4f~12 compared to that of

4a—4e.

4a 4b 4c 4d 4e 4f 4g 4h 4i 4k 4m
(H) (F) (€ (B) () (BTD) (CN) (CO,Me) (COMe) (CHO) (NO,)
-1.17 123

-135 -1.37 -1.38
-

LUMO
[eV] x B 192 L5 402
Z\©\/4j_4m - -2.08
-2.61 -2.66
= “NPh, — .
— i ‘ T

AEomoiumo 399 399 392 390 390 257 364 361 348 341 303

[eV] eV eV eV eV eV eV eV eV eV eV eV
HOMO L l e l— L !
[evl 516 522 537 _528 _520 ~518 36  _ran

-5.36 -540 _
549 ==

Figure 2. Calculated HOMO, LUMO and HOMO-LUMO gap (AExomo-Lumo) for enamines
4a~4m [eV].
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Fluorescence spectra of the compounds listed in Table 5 indicated that some of them were

emissive. Relatively high quantum yields (@) were available for 4f (Z = BTD) and nitro

derivatives, 4m, 9, 11, and 12. Of particular interest, is the remarkably high @y of the nitro

derivatives. For example, 4m and 12 produced strong fluorescence at 525 and 550 nm, with

quantum yields reaching 54% and 64%, respectively. Nitroarenes are well known to be

quenchers of fluorescence,!® and only a few examples have been reported for highly emissive

nitro compounds.'®!” Almost all compounds in Table 5 did not produce fluorescence in the

solid state. Although @, was lower than 10%, 4c¢ (Z = Cl), 4f—4k (Z = BTD, CN, CO,Me,

COMe, and CHO), and nitro derivatives, 4m”, and 11, were emissive. The solvatochromic

behavior of these compounds is discussed later.

Absorption spectra of p-ZCsH4CH=CHNPh,, 4b—4m, are predictable from those of p-

ZC¢H4NPh, having the same Z group. As shown in Fig. 3, maximum absorption wavelengths

of 4a—4e and 4g—4m calculated by TD-DFT (A.,) linearly correlated with those of p-

ZC¢H4NPh, having the same Z group. Calculated absorption wavelength of p-ZC¢H4NPh,

was consistent with that obtained experimentally.'® These are in accord with the additive rule

of absorption spectra; A, of p-ZCsH4CH=CHNPh, approximately corresponds to A, of p-
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ZC¢H4NPh, plus 40 nm.'® In contrast, emission behavior was complicated. Diphenylamino

compounds, p-ZCsH4NPh, (Z = CN'$ and CHO'82b) reportedly showed fluorescence in THF

at Ay of 421 and 465 nm with moderate quantum yields (0.29 and 0.36). In contrast, the

corresponding enamine p-ZCsH4CH=CHNPh, [4g (Z = CN), 4k (Z = CHO)] showed weak

emission at Ay of 443 and 472 nm in THF. While p-O,NC¢H4NPh, is not fluorescent in

MeCN, 3¢ 4m showed weak emission at 671 nm (vide infra).

(6]
440 NO,
n = P
£3 420 >
2% .
o = /,
2 .
sz CHO -
= g 400 -
e i COMe .5
g5 e
2 CO;Me .-
o & 380 )
g N CN .,/
o e
28 |-
- .
SE 360 F o B
- °.
© = <
O w
340
300 320 340 360 380 400 420

Calculated absorption wavelengths for amines p-ZC¢H,;NPh; [nm]

Figure 3. Plots of calculated absorption wavelengths for enamines 4 vs. those for the

corresponding amines.

Solvatochromism in absorption and emission. Solvatochromisms typically observed in D-
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7-A molecules, which are useful for understanding the ground as well as excited state

oNOYTULT D WN =

properties of the molecules, have received considerable attention recently.?’ Figure 4 shows

plots of A, corresponding to z-7* transitions measured in six solvents: hexane, toluene, THF,

CHCIl;, CH,Cl,, and DMF. From 4b to 4g, where Z = F, Cl, Br, I, BTD, and CN, a red shift

of 5-8 nm was observed upon an increase in solvent polarity, indicating the appearance of

positive solvatochromism. A relatively larger red shift of A,ps (13—19 nm) was observed for

carbonyl molecules, ester (4h), ketone (41), and aldehyde (4k). The positive solvatochromism

was most significant for the nitro derivative 4m, which red-shifted more than 40 nm. In all

cases, values of the red-shift had a linear relation with solvent polarity parameter E1(30)%02

(see 1-3 in SI).
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480
X
460 &
o
440 4f 0 @ ¢ E
i o 3
E (BTD) ol g £
" %I}'nm B[i= TE
£ 420 9 P :
= E o 9
= £ A
o E © A
o 400 . = 4m 4m”
: E E §" ﬁ]tp-uozm [o-402)
[ =
= 380 s @ ] A
2 8] &t L, X
a £ i W (CHO)
S 360 g E € 9. A :
2 E T8 = (CN) ‘4, (COMe)
o w w @
E %¢ I i (CO;Me)
g 340
= 4c 4d 4|e
s 4p () (Br) " AHexane oToluene OTHF
320 (F)
< CHCI3 & CH2CI2 = DMF
%I?nm
300

Figure 4. Plots of A, for enamines 4b—4m, 4m”, and 9 measured in six solvents (10> M
solutions in hexane, toluene, THF, CHCl;, CH,Cl,, DMF).

In general, positive solvatochromism is observed when the molecule in an excited state

is better stabilized by polar solvents than that in the ground state.?’ Intramolecular charge

transfer (ICT) of D-7-A compounds (Scheme 2) explains the present results. For compound

4, an ionic resonance form B resulting from ICT (Scheme 2) contributed to stabilization of

the excited states of 4. Thus, contribution of B tends to be NO, > carbonyls > CN, BTD,

halogen.
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Scheme 2. Resonance structures of enamine 4.

S)

Z\©\/\ - Z\l\;j\/\ A
@

AN A XN
| |

A Ar B Ar

As described above, 4m shows fluorescence in remarkably high quantum yield in toluene
compared with those reported for other nitro compounds,'®!7 making 4m suitable for
studying solvatochromic behavior in both absorption and emission spectra. The UV-vis and
fluorescent spectra of 4m were obtained in 12 aprotic solvents, of which E1(30) increased in
the order: hexane < CCly < toluene < 1,4-dioxane < THF < o-dimethoxybenzene (o-DMB) <
CHCI; < CH,Cl, < acetone < DMF < DMSO < MeCN. In addition, protic solvents EtOH and
MeOH also were used for the measurements. Spectra in H,O were not available due to lack
of solubility of 4m. Results are summarized in Table 6 and Figures 5 and 6. Relatively strong
fluorescence (@y > 0.27) was observed in CCly, toluene, 1,4-dioxane, THF and o-DMB with
the fluorescence wavelength in the range of 508—595 nm. The quantum yield reached 0.69 in
1,4-dioxane. Although the quantum yield was low,?! the longest emission wavelength of 671
nm was observed in MeCN. The spectrum in hexane gave two peaks and the quantum yield

was lower than that in toluene. This may be explained by aggregation of 4m in hexane like
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prodan.?? However, we do not have clear answer to this problem, because UV-vis absorption

and fluorescence measurement of 4m in hexane in two concentrations, 10~ and 10% M,

The Journal of Organic Chemistry

showed no difference in the peak ratio.

Table 6. Summary of experimentally obtained absorption and fluorescence wavelengths
of 4m in various solvents.

Aabs [NM Emax [T Aq [nm Stokes shift

Entry Solvent E(30) D¢

(eV)] M (eV) [em™']

458 (2.707) 2918
1 Hexane 31.0 404 (3.069) 26,000 0.02

474 (2.616) 3655
2 CCly 324 416 (2.981) 23,000 508 (2.441) 4353 0.27
3 Toluene 33.9 424 (2.925) 21,700 525(2.361) 4537 0.54
4 1,4-Dioxane 36.0 425 (2.918) 26,300 546 (2.271) 5214 0.69
5 THF 37.4 431 (2.877) 30,200 568 (2.183) 5596 0.65
6 o-Dimethoxybenzene 384 441 (2.812) 11,400 595 (2.084) 5869 0.38
7 CHCl; 39.1 438 (2.831) 24,200 637 (1.947) 7132 0.09
8 CH,Cl, 40.7 439 (2.825) 22,200 640 (1.937) 7154 0.05
9 Acetone 42.2 433 (2.864) 15,500 623 (1.990) 7043 0.08
10 DMF 432 446 (2.780) 22,400 655 (1.893) 7154 0.03
11 DMSO 45.1 452 (2.743) 21,000 669 (1.854) 7176 0.02
12 MeCN 45.6 434 (2.857) 34,800 671 (1.848) 8138 <0.01
13 EtOH 51.9 429 (2.890) 18,000 634 (1.956) 7537 <0.01
14 MeOH 55.4 430 (2.883) | 14300 | 643 (1.928) 7703 <0.01

154 H,O 62.8 - - - -
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“Maximum absorption wavelengths of 4m in various solvent at 1.0 x 10> M were described [nm and eV in the parentheses].

oNOYTULT D WN =

bMaximum fluorescence wavelengths of 4m in various solvent at 1.0 x 10 M were described [nm and eV in the parentheses].

9 ¢Absolute fluorescence quantum yield was described. “The data was not available due to lack of solubility of 4m in H,O.

1 ——Hexane —CcCl4
) — ~— ot o ——Toluene Dioxane
THF —oDMB
——CHcI3 CHzci2
——Acetone —DMF
——DMSO ——MeCN

Normalized FL intensity

25 400 450 500 550 600 650 700 750 800
26 Wavelength(nm)

28 Figure 5. Emission spectra of 4m obtained in various solvents. (Those for ROH were omitted

30 for clarity. See Figure S57(f) in SI for complete spectra).

Figure 6. A series of solutions of 4m in various solvents under UV light (365 nm)

A recent study on solvatochromism by Mennucci and coworkers involved the analysis of
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solvatochromic behavior in solvents with different solvent polarity by solvent-induced shifts
of absorption 8, (abs), fluorescent 3, (flu), and Stokes shift 5, (SS).2% To estimate solute-
solvent hydrogen bonding, solvent-induced shifts of absorption oyg (abs), fluorescent dyp
(flu), and Stokes shift dyg (SS) also were proposed as parameters. Table 7 shows
experimentally obtained 8, (abs), dp01 (flu), and 8, (SS) data when the solvent polarity
increased from dioxane to DMSO. The table also includes dyg (abs), dyg (flu), and dyg (SS)
upon changing the solvent from DMSO to MeOH. The data are compared with those obtained
by common ICT probes, 6-propionyl-2-dimethylamino naphthalene (PRODAN)?> and 7-
diethylamino-9,9-dimethyl-9H-fluorene-2-carbaldehyde (FR-0).2* The §,, (abs) and J
(flu) values of 4m are larger than those of PRODAN and FR-0, whereas 6, (SS) is between
those of PRODAN and FR-0. Different from the negative dyg (abs) and dyg (flu) values of
PRODAN and FR-0, those of 4m are positive, while oyg (SS) of 4m is smaller than dyp (SS)
of PRODAN and FR-0. These indicate that 4m behaves as a typical ICT probe in common
organic solvents, but hydrogen bonding between 4m and aprotic solvents does not provide a

large effect on solvatochromic properties.
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Table 7. Experimentally obtained solvent-induced shifts on absorption and emission
energies (e¢V) and Stokes shift (cm™!) for 4m.

oNOYULT D WN =

dpo1 (Dioxane-DMSO) (upper)

compound | dyp (DMSO-MeOH) (lower)

13 Absorption [eV] | Emission [eV] Stokes shift [cm!]

16 731 W S

20 Prodan® [ ---ocoomm e

24 FR-02  foeoomooeeee b

30 The solvatochromism of 4m and other nitro derivatives was categorized into three
33 classes: large shift (> 30 nm; 4m, 4m”, 9), medium (10-20 nm; 10, 11), and small (< 10 nm;
36 4m’, 12). Despite the large red-shift, the absorption coefficient of 4m” corresponding to the
7% transition is small, due to the steric repulsion between the ortho-NO, group and the
42 enamino group, which disturbs the NO, group coplanar with the benzene ring conjugated
45 with the enamino group. The large shift is ascribed to a contribution of resonance form B,
48 whereas the small red shift is explained by a factor that reduces the contribution of B. Among
51 the two compounds showing small shifts, the m-nitroenamine 4m’ in the solid state showed

>4 two absorptions at 354 and 548 nm, which were in accord with the spectrum obtained by TD-
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DFT calculations. The 548 nm absorption was missing in the solution state spectra, due to

the 7-7* transition being forbidden. That observed for 12 was due to an extra C¢Hy ring

between the nitro and enamino groups compared with 4m, which does not provide a stable

resonance form.

Lewis acid effects on absorption and emission. Three research groups recently published

papers showing that addition of Lewis acidic molecules to non-emissive dye resulted in

strong fluorescence.?* The dyes used contain D-7-A structures, and the Lewis acidic additive

coordinates to a functional group in the acceptor-induced red-shift of absorption and exhibit

fluorescence in concentrated solutions and in solid states. A typical Lewis acid additive was

B(C¢F5);, while CN and CHO are useful Lewis basic functional groups (Scheme 3). The

enamino-aldehyde 4k was selected to investigate the absorption and fluorescent behavior in

solution and solid states upon addition of B(Cg¢Fs);, which provided an impressive color

change from yellow to red-violet. The UV-visible spectra of a mixture of 4k and B(C¢F5); in

CHCl, clearly demonstrated equilibrium with the adduct, p-

Ph,NCH=CHC¢H,CH=0--B(C¢F5s); (4k-B(C4Fs)3). In dilute CHCl; solutions (10> M), two

signals appeared at 392 and 525 nm, assigned to 4k and the adduct, respectively. When the

ratio of 4k to B(C4Fs); was increased stepwise from 1:1 to 1:10, spectra changed with
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isosbestic points and the peak due to the adduct increased in size (Fig. 7).

Scheme 3. Reaction of enamines 4 with B(CgFs);

+ B(CeFs)3
’ H CHoCly, rt, 2h (CeF5)sB---Z y
-
Z “NPh; “ “NPh;
4 H (Z = CN, COMe, CHO, NOy) 4B(CeFy), H

0.8

o
o

o
n

Abs. / a.u.

o
[}

300 400 500 600 700

Wavelength / nm

Figure 7. UV-vis absorption for a mixture of 4k and B(C¢Fs); in CHCl; at 10> M. The ratio
of B(C¢Fs); to 4k were changed from 1 :1 to 10: 1.

Higher solute concentrations favored the formation of the adduct. The "H NMR spectrum

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

of 4k in CDCl; at r.t. provided two CH protons in the enamino group at 6 5.58 (d, 1H) and

7.62 (d, 1H), two phenylene signals at & 7.30 (d, 2H) and 7.72 (d 2H), and a formyl proton at

0 9.87 (s, 1H). In contact with B(CgFs); (1 equiv. to 4k), the phenylene signals appeared as

four magnetically inequivalent doublets. Significant downfield shifts were observed for a /-

proton of the enamino group and two of the phenylene protons. In contrast, the formyl signal

was shifted upfield (see Fig. S43 in SI). These results are consistent with the complex p-

Ph,NCH=CHC¢H4CH=0--B(C¢F5);. Since polar Lewis basic solvents, such as THF and

DMF, disturbed the coordination of B(CgFs); to the CHO group in 4k, a solvatochromic study

of the adduct was limited to four solvents, hexane (515 nm), toluene (529 nm), CHCl; (529

nm), and CH,Cl, (533 nm), which showed positive absorption solvatochromism. In the solid

state, a 1:1 mixture of 4k and B(CgFs); showed a single absorption at 537 nm due to

4Kk-B(C¢Fs);. Excitation of 4k-B(Cg¢F5); around 520 nm resulted in photoluminescence at 569,

618, 642, and 683 nm in hexane, toluene, CHCI;, and CH,Cl,, respectively, and at 785 nm

in solid states. Quantum yields were 0.70, 0.22, 0.04, <0.01, and 0.03, respectively (see Table

S4 in SI).

Other enamines, 4a—4j, 41, and 4m, were subjected to tests on the additive effect of

B(C¢Fs);. Three enamines, 4g (Z = CN), 4i (Z = COMe), and 4m (Z = NO,), showed a
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significant red-shift upon contact with B(C4Fs);; absorption due to the adduct appeared at

429, 514, and 658 nm in toluene for 4g-B(C¢Fs)3, 4i-B(C¢Fs)3, and 4m-B(C¢Fs);, which were

red-shifted by 59, 134, and 234 nm compared with those of 4g, 4i, and 4m, respectively. It is

likely that B(C¢F5); was coordinated to a nitrogen atom of the CN group and an oxygen atom

in the CHO, COMe, or NO, group. Coordination is strong in CN, COMe and CHO, and the

absorption peaks due to the adduct were visible even in 10> M toluene solutions. In contrast,

absorptions of 4m-B(CgFs); were visible when using large amounts of B(C¢F5); (100 equiv.

to the enamine). The DFT calculations provided optimized structures of B(C4Fs); adducts

4g-B(CgFs)s, 4i-B(CgFs)3, and 4m-B(CgF5);. As expected, a boron atom of B(C¢F5); bonded

with a nitrogen atom in a CN group or an oxygen atom of the CHO, COMe, or NO, group.

To attempt to predict the absorption spectra of the adducts, TD-DFT calculations were

performed; however, the program significantly underestimated absorption wavelength A,

compared with the corresponding experimental data, as shown in Table 8.

Table 8. Experimentally obtained absorption and emission wavelengths (in
toluene/solid state) and calculated wavelengths (in gas phase) associated with HOMO-
LUMO gap for several B(C¢Fs); adducts of 4.

En Compound Absorption Emission
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try Exp.? Calcd. (gas phase)© Exp. in toluene Exp. in solid state
7‘-abs [nm] in }\,abs
toluene [nm] in Nabs AEpomo- | Aex A Rex Aa
. 2 by
( Absorbanc solid [nm] Lumo [€V] | [nm] | [nm] [nm] | [nm]
e[au]) state
1 4g-B(C¢Fs); 429 (0.200) 431 414 3.24 429 502 0.04 | 431 580 0.02
2¢ 4i-B(C¢Fs)s 514 (0.052) 524 467 2.80 514 587 0.97 | 524 613 0.01
3/ | 4k'B(CgFs)3 529 (0.033) 537 461 2.81 529 612 0.25 | 537 785 0.03
42 | 4m-B(C¢Fs); | 658 (0.559) 668 552 2.31 658 —h —h 668 — —

alequiv. of B(C¢Fs); to enamine 4 was used unless otherwise noted. Since the adduct 4-B(CgFs); was in equilibrium with
uncoordinated enamine 4, a peak due to the enamine appeared besides the peak ascribed to the adduct. Small absorbance is
explained by this equilibrium. ®Maximum absorption wavelengths of enamines in a toluene solution (10> M) / solid state
are described. “Calculation was performed under the conditions described in experimental section unless otherwise noted.
30 excited states were calculated for TD-DFT. Absolute fluorescence quantum yield was described. “Measured in toluene

at 2.0 x 10> M. /Measured in toluene at 5.0 x 10 M. £100 equiv. of B(C¢Fs); was used. "Not detected.

Of particular interest is the rationalization for the additive effect on absorption and emission

properties. Figure 8 shows plots of absorption and fluorescence wavelength measured in

toluene, which were dependent on the functional groups. Apparently, addition of B(C¢Fs); to

4g, 4i, 4k, and 4m leads to a red-shift of A, by 59-234 nm, and that to 4g, 4i, and 4k gives

rise to a red-shift of Ay by 76162 nm, although the adduct 4m-B(Cg¢Fs); showed no

fluorescence wavelength below 950 nm. Whilst @y of 4g, 4i, and 4k in toluene were smaller

than 0.01, those of 4g-B(C¢Fs)3, 4i:B(C¢Fs);, and 4k-B(CgFs); in toluene were 0.04, 0.97,
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and 0.25, respectively, which were significantly increased. The quantum yield of 0.97 for

4i-B(Cg¢Fs); was the most impressive among them, but it is also notable that relatively high

quantum yields were also observed for 4g-B(C¢Fs); (0.11 in CH,Cl,) and 4k-B(C¢Fs); (0.70

in hexane). Increase of quantum yields by addition of B(Cg¢F5); was not clearly visible in the

solid state. Thus, coordination of B(C¢Fs); to CN, CHO, COMe, and NO, likely enhances

the acceptor property of these functional groups, changing the absorption and fluorescent

properties of the D-7-A enamines.

= — 800

@ £

£ 5 750

T .2 700

© Uy 650

<O 4m (NO,)

o5 600 RS

g o oo 4i . 4k (CHO) + B(CgFs)s

E E 200 (CO.MEJ .. 4i (COMe) + B(C;F5),

% o Lo "~ 4g (CN) + B(CeFs)s

°o %% 4k (cHO) 4m (NO,) + B(CsFs)s
L g 400 “4g (CN) [no FL data]

=

< ® 350 v
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Aaps fOr enamines 4 and their adducts with B(C4F5); [nm]

Figure 8. Plots of maximum absorption wavelength A,,s for enamines 4g, 4i, 4k and 4m, and
their adducts with B(C¢Fs); in toluene vs. the corresponding maximum fluorescence
wavelength Ag. A for 4m-B(CgFs); appeared at 658 nm, while no fluorescence was

observed below 950 nm.
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(8) Conclusion and remarks

Iridium-catalyzed reactions of amides with TMDS have provided unique synthetic

methods for enamines through silyl hemiaminal intermediates. The first step of the reaction

is hydrosilylation of a C=0 bond in the amide; this step also can be achieved by other

transition-metal catalysts. The resulting silylhemiaminal intermediates are usually unstable,

and undergo further reduction involving C=0 bond fission to afford amines. An intriguing

feature of the iridium-catalyzed reaction is that further reaction of the silylhemiaminal

induces elimination of silanol to give enamines. In some cases involving an intermediate that

forms 7-conjugated enamines, silylhemiaminal is stable enough to isolate, to obtain

spectroscopy on, and to use as synthetic intermediates for further transformations.?

Another intriguing feature of iridium-catalyzed enamine formation is high functional

group compatibility; in particular, the selective reaction of amides with other carbonyl groups

remains intact. The present report challenged selective synthesis of D-7-A conjugated

enamines from N, N-diaryl-a-arylamides, in which acceptor groups, such as CHO, COMe,

CO,Me, CN and NO,, are connected with the a-aryl group. Although 7~conjugate enamine

synthesis often requires more active iridium catalysts, which potentially increases the rate of

side reactions that reduce the carbonyl group, selective enamine formation was achieved with
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other reducible functional groups inside the molecule remaining unreacted.

Facile access to D-7-A conjugated enamines also promotes interest in their absorption

and emission properties. The UV-vis and fluorescent spectra of a series of D-7-A conjugated

enamines prepared using the selective enamine formation method provided information

about the donor properties of arylenamines containing a CH=CHNPh, moiety: (1) The

enamines prepared in this paper showed absorptions at 330~450 nm, which were

reproducible by TD-DFT calculations. Maximum fluorescence wave length (Ag) was

observed at 380~590 nm. (2) Maximum absorption wavelength (Aus) of p-

ZC¢H4,CH=CHNPh, was predictable, which was ca. 40 nm red-shifted from A, of the

corresponding p-ZC¢H4NPh,. (3) Measurement of fluorescence spectra in toluene showed

several compounds to be emissive. The quantum yields (@) were moderate (0.13~0.64).

Weak emission was observed in the solid states. (4) Positive solvatochromism was observed

for both absorption and emission spectra. (5) While the nitro group generally acts as quencher

of fluorescence, enamines containing nitro groups presented in this paper showed unusually

strong emissions. In a typical example, @y of p-O,NCsH,CH=CHNPh, in dioxane reached

0.69. (6) Addition of B(C¢F5); resulted in significant red shift of absorption and emission for

the cyano, acetyl, formyl, and nitro derivatives. The coordination of B(C¢F5); was reversible,
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and higher concentration of solutes favored for the adduct. (7) For cyano, acetyl and formyl

adducts, the quantum yield of the adduct was higher than that of the enamine. For instance,

@y of the (C¢F5);B adduct of p-MeC(=0)CsH,CH=CHNPh; in toluene reached 0.97 (@ of

p-MeC(=0)CsH4CH=CHNPh;, in toluene was below 0.01).

Comparison in absorption and emission properties with those of N, N-diphenylarylamines

provides further interest. As shown in Scheme 4, Ar-NPh; can be prepared by cross-coupling

of ArX with diphenylamine (the TOSOH-Buckwald-Hartwig amination),?® whereas the

enamines, ArCH=CHNPh,, are accessible by two successive reactions, Hartwig’s coupling

of Ar-X with CH,CONPh, anion?’ followed by the iridium-catalyzed reaction with TMDS.

From the same precursor Ar-X, dyes with different absorption and fluorescent properties are

readily available. The variety of absorption and fluorescent properties is increased by the

Lewis acid effect of B(C4Fs);, which was effective for enamines having a carbonyl or nitro

group.

Scheme 4. Selective synthesis of Ar-NPh, and Ar-CH=CH-NPh, by cross-coupling

reactions.
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H-NPh,

[Pd cat.] NPh2
TOSOH-Buckwald-Hartwig
X
i
)J\Nph2 TMDS
[Pd cat.] [Ir cat.] Nth
Hartwig  This work

As photofunctional materials, such as fluorescent molecules, the D-7~A conjugated

enamines need further enhancement to raise quantum yields of emission, in particular, in the

solid state. Since various amide precursors for the present enamine formation are easily

synthesized, molecules with better photofunctionality are likely to be discovered by further

synthetic studies, as well as by prediction of properties using calculations. One of the

examples for the expansion is synthesis of 7-conjugated molecules containing dual D and/or

dual A moieties. A preliminary experiment revealed that the D-7-A-7~D enamine 14 was

easily prepared from the diamide 13 (Scheme 5). The resulting product 14 showed A, at 464

and 484 nm and Ag at 571 and 670 nm in toluene and in the solid state, respectively.

Compared with the D-7~A analogue 4f, 1., and Ag were red-shifted by 14~46 nm, while

small solvatochromic behavior (5 nm in both absorption and emission) was similar to that

observed for 4f. Fluorescence quantum yields of 14 in toluene were 0.29 and 0.07 in toluene
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and in the solid state, respectively. Further studies seeking for excellent photofunctional

molecules in this line are now underway.

Scheme 5. Synthesis of D-A-D enamine 14.

1 mol% IrCI(CO){P(OCg¢Fs)3}2 (1Y),

O 0]
N\
N. _N

Toluene, 30°C, 4 h

S 13 (0.5 mmol)
H H
Ph,N NPh,
OIS
I
NN 14 (89% isolated yield)

[in Toluene ] Ag :571 nm [Agy: 464 Nnm], &y : 0.29
[ solid state ] Ay : 670 nm [Ley : 480 Nnm], &y : 0.12

(9) Experimental Section

General Procedure. All manipulations were carried out under an argon or nitrogen

atmosphere. 'H, 13C and '°F NMR spectra were measured on JEOL ECA 400 (396 MHz) and

ECA600 (600 MHz) spectrometers. Chemical shifts were given in parts per million relative

to the solvent signal (H and '*C NMR), whereas those for '°’F NMR were recorded based on

ACS Paragon Plus Environment

Page 40 of 92



Page 41 of 92

oNOYULT D WN =

The Journal of Organic Chemistry

hexafluorobenzene (o =—163.6) as an external standard. IR spectra were taken on a JASCO

FT/IR 4200 spectrometer. Melting points were measured on Stuart Scientific Melting Point

Apparatus SMP3. HR-MS analyses were performed at the Analytical Center in Institute for

Materials Chemistry and Engineering, Kyushu University. Deuterated solvents (CDCls) were

purchased from Wako Pure Chemical Industries Ltd. and dried over activated MS4A (for

CDCls) prior to use. Two reagents, 1,1,3,3-tetramethyldisiloxane (TMDS) and B(Cg¢Fs)s,

were purchased from AZmax Co. Ltd. and Wako Pure Chemical Industries Ltd., respectively,

and purified by distillation (for TMDS) or sublimation (for B(Cg¢Fs);) prior to use.

Dehydrated solvents [toluene, CH,Cl,, 1,4-dioxane] and solvents for UV-vis absorption and

emission measurement [hexane, toluene, THF, CHCl;, CH,Cl,, DMF] were purchased from

Kanto Chemical Co. Ltd. or Wako Pure Chemical Industries Ltd., respectively, and used as

received. Iridium catalysts IrClI(CO)(PPhs), (1X) and IrCI(CO){P(OC4Fs)s}, (1Y) were

prepared according to the reported procedure.> When the catalyst loading was small (0.05 ~

0.3 mol%), a stock solution (0.5 M) in toluene was prepared, and used for the experiments.

We checked CAS and found thirty compounds have the CAS numbers. However, no

spectrum data for amide 2g were given in the literature.?® Other twenty-nine compounds were
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reported in our patent.>* Thus, we measured all of the compounds, HR-MS, NMR, IR, mp,

and the data were described in experimental section. Actual charts are in SI.

General procedure for the preparation of amides 2b-2e, 2g, 2h, 2m, 2m’, 2m”, 5, 6,

and 7. Synthesis of 2b-2e, 2g, 2h, 2m, 2m’, 2m”, §, 6, and 7 was carried out by procedures

similar to that reported for preparation of 2-phenyl-N,N-diphenylacetamide.?® A general

procedure was as follows: In a 200 ml of three-necked flask were placed carboxylic acid

(5.00 ~ 32.0 mmol) and thionyl chloride (20.0~160 mmol, 5 molar equivalents to the

carboxylic acid). A mixture was heated at 80 °C under reflux in oil bath for 2h. After the

removal of the volatiles, a solution of secondary amine (4.20~26.0 mmol, 0.8 equiv. to the

charged carboxylic acid) dissolved in 1,4-dioxane (11~70 ml) was added. The solution was

heated at 100 °C under reflux in oil bath for 20 h. After cooling, 1M HCI aq. (2~14 ml) was

added, and the mixture was extracted with CH,Cl, (22~140 ml). Combined extracts were

washed with sat. NaHCOj; aq., and dried over MgSQ,. After filtration, the solution was

concentrated in vacuo. The residue was purified by column chromatography (silica-gel,

eluted by hexane: EtOAc = 10: 1) to afford the corresponding amide.

2-(4-Fluorophenyl)-N,N-diphenylacetamide (2b).>° From 2-(4-fluorophenyl)acetic acid

(4.9 g, 32 mmol) and diphenylamine (4.4 g, 26 mmol), 2b was obtained as white solid (7.3
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g, 24 mmol, 92% in isolated yield). Mp : 78.5 ~ 79.6 °C. 'H NMR (600 MHz, CDCls, —

20 °C): § 3.62 (s, 2H, -CH>-), 6.95 (dd, Jiuys = 8.2 Hz, Jur = 8.9Hz, 2H, C¢H,F), 7.06 (dd,

Jun = 8.2 Hz, Jur = 4.1 Hz, 2H, CeHyF), 7.17 (t, Juy = 7.6 Hz, 1H, p-Ph), 7.19 (d, Juu =

7.6 Hz, 2H, 0-Ph), 7.22 (d, Jun = 7.6 Hz, 2H, 0-Ph), 7.31 (dd, Jun = 7.6, 7.6 Hz, 2H, m-Ph),

7.36 (t, Juy = 7.6 Hz, 1H, p-Ph), 7.40 (dd, Juy = 7.6, 7.6 Hz, 2H, m-Ph). 3C{'H} NMR

(151 MHz, CDCl;, —20 °C): 6 41.6, 115.6 (d, Jcr = 20.2 Hz), 126.7, 126.7, 128.6, 129.2,

129.3 (d, Jcr = 10.1 Hz), 130.2, 131.0, 131.0 (d, Jc.r = 8.7 Hz), 142.7, 142.7, 162.0 (d, Jc.r

=244.2 Hz), 171.5. "9F NMR (565 MHz, CDCls, —20 °C): & —116.1 (m). IR (ATR, cm') :

1666 (vico). HRMS-EI(+) (m/z) : [M]+ calcd for CyoH(NOF, 305.1216; found, 305.1213.

Actual charts are shown in Figures S5.

2-(4-Chlorophenyl)-N,N-diphenylacetamide (2¢).’° From 2-(4-chlorophenyl)acetic acid

(1.7 g, 10.0 mmol) and diphenylamine (1.4 g, 8.0 mmol), 2¢ was obtained as white solid (2.1

g, 6.4 mmol, 80% in isolated yield). Mp : 110.7 ~ 111.1 °C. '"H NMR (600 MHz, CDCl;, —

20 °C): 6 3.62 (s, 2H, -CH>-), 7.05 (d, Juu = 8.3 Hz, 2H, C¢H,Cl), 7.18 (t, Sy = 7.6 Hz, 1H,

p-Ph), 7.19 (d, Jyw = 7.6 Hz, 2H, 0-Ph), 7.23 (d, Juu = 7.6 Hz, 2H, 0-Ph), 7.25 (d, Jun =

8.3 Hz, 2H, C¢H,C1), 7.32 (dd, Sy = 7.6, 7.6 Hz, 2H, m-Ph), 7.37 (t, Jun = 7.6 Hz, 1H, p-

Ph), 7.41 (dd, J= 7.6, 7.6 Hz, 2H, m-Ph). 3C{'H} NMR (151 MHz, CDCls, —20 °C): 5 41.5,
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126.3, 126.4, 128.3, 128.5, 128.9, 129.0, 129.9, 130.5, 132.6, 133.4, 142.3, 142.4, 170.8. IR

(ATR, cm™) : 1663 (vco). HRMS-EI(+) (m/z) : [M]+ calcd for C,0H;,NOCI, 321.0920; found,

321.0921. Actual charts are shown in Figures S6.

2-(4-Bromophenyl)-N,N-diphenylacetamide (2d).>° From 2-(4-bromophenyl)acetic acid

(2.2 g, 10.0 mmol) and diphenylamine (1.4 g, 8.0 mmol), 2d was obtained as white solid (2.2

g, 6.0 mmol, 75% in isolated yield). Mp : 118 ~ 119 °C. 'H NMR (600 MHz, CDCl;, —20 °C):

6 3.60 (s, 2H, -CH;-), 6.99 (d, Jy.q = 8.3 Hz, 2H, CcH,Br), 7.18 (1H, p-Ph, overlapped with

0-Ph), 7.19 (d, Jyy = 7.6 Hz, 2H, 0-Ph), 7.23 (d, Jyu = 7.6 Hz, 2H, 0-Ph), 7.32 (dd, Juyu =

7.6,7.6 Hz, 2H, m-Ph), 7.38 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.38 (d, Jun = 8.3 Hz, 2H, C4H,Br),

7.41 (dd, Jun = 7.6, 7.6 Hz, 2H, m-Ph). 3C{'H} NMR (151 MHz, CDCls, 20 °C): § 41.5,

120.8, 126.3, 126.4, 128.3, 128.9, 129.0, 129.9, 130.9, 131.4, 133.9, 142.2, 142.3, 170.6. IR

(ATR, cm™) : 1664 (vco). HRMS-EI(+) (m/z) : [M]+ calcd for C0H(NOBr, 365.0415; found,

365.0417. Actual charts are shown in Figures S7.

2-(4-Iodophenyl)-N,N-diphenylacetamide (2e).’° From 2-(4-iodophenyl)acetic acid (2.6 g,

10.0 mmol) and diphenylamine (1.4 g, 8.0 mmol), 2e was obtained as white solid (2.5 g, 6.0

mmol, 75% in isolated yield). Mp :125.4 ~ 126.4 °C."H NMR (600 MHz, CDCl;, —20 °C): 3

3.59 (s, 2H, -CH;-), 6.86 (d, Jy.y = 8.3 Hz, 2H, CcH,l), 7.18 (1H, p-Ph, overlapped with o-
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Ph), 7.18 (d, Juy = 7.6 Hz, 2H, 0-Ph), 7.22 (d, Jyu = 7.6 Hz, 2H, 0-Ph), 7.32 (dd, Jiy1 = 7.6,

oNOYTULT D WN =

7.6 Hz, 2H, m-Ph), 7.37 (t, Ju.u = 7.6 Hz, 1H, p-Ph), 7.41 (dd, Juu=7.6, 7.6 Hz, 2H, m-Ph),

7.58 (d, Jiwn = 8.3 Hz, 2H, CgHyl). 3C{'H} NMR (151 MHz, CDCls, 20 °C): § 41.6, 92.5,

126.3,126.4,128.3, 128.9, 129.0, 129.9, 131.2, 134.6, 137.4, 142.3, 142.3, 170.6. IR (ATR,

cm™) @ 1662 (vco). HRMS-EI(+) (m/z) : [M]+ caled for C,0HsNOI, 413.0277; found,

413.0278. Actual charts are shown in Figures S8.

2-(4-Cyanophenyl)-N,N-diphenylacetamide (2g).?° From 2-(4-cyanophenyl)acetic acid (2.6

g, 16.0 mmol) and diphenylamine (2.2 g, 13.0 mmol), 2g was obtained as yellow solid (1.8

g, 5.4 mmol, 42% in isolated yield). Mp : 101 ~ 102 °C. 'H NMR (600 MHz, CDCl;, —20 °C):

6 3.71 (s, 2H, -CH;,-), 7.21 (1H, p-Ph, overlapped with o-Ph), 7.19 (d, Jy.y = 7.6 Hz, 2H, o-

Ph),7.22 (d, Juu = 7.6 Hz, 2H, 0-Ph), 7.24 (d, Ju.u = 8.3 Hz, 2H, CcH4CN), 7.33 (dd, Juu =

7.6, 7.6 Hz, 2H, m-Ph), 7.39 (t, Juu = 7.6 Hz, 2H, p-Ph), 7.42 (dd, Juu = 7.6, 7.6 Hz, 2H,

m-Ph), 7.57 (d, Jun = 8.3 Hz, 2H, C¢H,CN). *C{'H} NMR (151 MHz, CDCl;, —20 °C): &

42.1,110.5,119.1,126.2,126.6, 128.5, 128.8, 129.1, 130.0, 130.0, 132.2, 140.5, 142.0, 142.1,

169.8. IR (ATR, cm™) : 1663 (vco), 2228 (ven). Mp @ 101 ~ 102 °C. HRMS-EI(+) (m/z) :

[M]+ calcd for C,H N0, 312.1263; found, 312.1262. Actual charts are shown in Figures

S10.
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2-{4-(Methoxycarbonyl)phenyl}-N,N-diphenylacetamide (2h). From 2-{4-

(methoxycarbonyl)phenyl}acetic acid (1.0 g, 5.0 mmol) and diphenylamine (0.7 g, 4.2 mmol),

2h was obtained as white solid (1.5 g, 3.6 mmol, 85% in isolated yield). Mp : 166 ~ 167 °C.

'H NMR (600 MHz, CDCls, —20 °C): & 3.72 (s, 2H, -CH,-), 3.90 (s, 3H, -OCH), 7.16 (d,

Jun = 7.6 Hz, 2H, 0-Ph), 7.17 (d, Jun = 8.3 Hz, 2H, C¢H,CO,CHy), 7.18 (1H, p-Ph,

overlapped with o-Ph), 7.22 (d, Jy.y = 7.6 Hz, 2H, 0-Ph), 7.32 (dd, Jy.z = 7.6, 7.6 Hz, 2H,

m-Ph), 7.37 (t, Jux = 7.6 Hz, 1H, p-Ph), 7.39 (dd, Jyy = 7.6, 7.6 Hz, 1H, m-Ph), 7.93 (d,

Ju.n = 8.3 Hz, 2H, C¢H,CO,CH;). BC{'H} NMR (151 MHz, CDCl;, —20 °C): 6 42.3, 52.4,

126.3, 126.5, 128.3, 128.5, 128.9, 129.1, 129.2, 129.7, 129.9, 140.3, 142.3, 142.3, 167.2,

170.5. IR (ATR, cm) : 1676 (viconpnz), 1709 (veoome). HRMS-EI(+) (m/z) : [M]+ calcd for

CyH19NO3, 345.1365; found, 345.1365. Actual charts are shown in Figures S11.

2-(4-Nitrophenyl)-N,N-diphenylacetamide (2m).>° From 2-(4-nitrophenyl)acetic acid (5.8 g,

32.0 mmol) and diphenylamine (4.4 g, 26.0 mmol), 2m was obtained as yellow solid (7.8 g,

23.0 mmol, 90% in isolated yield). Mp : 114.4 ~ 115.5 °C. '"H NMR (600 MHz, CDCl;, —

20 °C): § 3.76 (s, 2H, -CHy-), 7.20 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.21 (d, Juy = 7.6 Hz, 2H,

0-Ph), 7.22 (d, Jun = 7.6 Hz, 2H, 0-Ph), 7.31 (d, Juy = 8.3 Hz, 2H, C¢H:NO,), 7.33 (dd,

Jun = 7.6, 7.6 Hz, 2H, m-Ph), 7.40 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.43 (dd, Jun = 7.6, 7.6 Hz,

ACS Paragon Plus Environment

Page 46 of 92



Page 47 of 92

oNOYTULT D WN =

The Journal of Organic Chemistry

2H, m-Ph), 8.15 (d, Jun = 8.3 Hz, 2H, C¢HyNO,). 3C{'H} NMR (151 MHz, CDCls, —20 °C):

6 42.0, 123.7, 126.3, 126.6, 128.6, 128.9, 129.1, 130.1, 130.2, 142.0, 142.1, 142.7, 146.7,

169.7. IR (ATR, cm'l) 1 1662 (Vco). HRMS-EI(+) (m/z) . [M]+ calcd for C20H16N203,

332.1161; found, 332.1159. Actual charts are shown in Figures S14.

2-(3-Nitrophenyl)-N,N-diphenylacetamide (2m’).’° From 2-(3-nitrophenyl)acetic acid (2.9

g, 16.0 mmol) and diphenylamine (2.2 g, 13.0 mmol), 2m’ was obtained as pale brown solid

(3.5 g, 11.6 mmol, 90% in isolated yield). Mp : 95.7 ~ 96.3 °C. 'H NMR (600 MHz, CDCl;,

~20 °C): 8 3.75 (s, 2H, -CH,-), 7.21 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.24 (d, Jyu = 7.6 Hz, 2H,

0-Ph), 7.26 (d, Jyy = 7.6 Hz, 2H, 0-Ph), 7.33 (dd, Juu = 7.6, 7.6 Hz, 2H, m-Ph), 7.42 (t, Jiv.u

= 7.6 Hz, 1H, p-Ph), 7.44 (dd, Jyy = 7.6, 7.6 Hz, 2H, m-Ph), 7.48 (dd, Jiy = 8.3, 8.3 Hz,

1H, C6HyNO,), 7.58 (d, Ju = 8.3 Hz, 1H, C¢HaNO,), 7.94 (s, 1H, C¢HNO,), 8.12 (d, Jiv

= 8.3 Hz, 1H, C¢H4NO,). *C{'H} NMR (151 MHz, CDCl;, —20 °C): 4 41.6, 122.1, 124.5,

126.3, 126.6, 128.6, 128.8, 129.1, 129.4, 130.1, 135.9, 136.9, 142.0, 142.1, 147.9, 169.9. IR

(ATR, cm™) : 1676 (Vo). HRMS-EI(+) (m/z) : [M]+ calcd for C,0H 4N,O3, 332.1161; found,

332.1159. Actual charts are shown in Figures S15.

2-(2-Nitrophenyl)-N,N-diphenylacetamide (2m”).>° From 2-(2-nitrophenyl)acetic acid (2.9

g, 16.0 mmol) and diphenylamine (2.2 g, 13.0 mmol), 2m” was obtained as pale brown
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crystal (1.5 g, 4.9 mmol, 38% in isolated yield). Mp: 160.3 ~ 160.6 °C. '"H NMR (600 MHz,

CDCls, —20 °C): 6 3.91 (s, 2H, -CH,-), 7.17 (br, 1H, p-Ph), 7.29-7.32 (a mixture of signals,

4H, o-Ph and m-Ph), 7.31 (d, Jun = 7.6 Hz, 1H, C¢HLNO,), 7.40 (br, 1H, p-Ph), 7.44 (dd,

Juun=7.6,7.6 Hz, 1H, C¢H4;NO,), 7.47-7.51 (a mixture of signals, 4H, o-Ph and m-Ph), 7.58

(dd, Sy =7.6, 7.6 Hz, 1H, C¢HiNO,), 8.14 (d, Jyy = 7.6 Hz, 1H, C4HNO,). BC{'H} NMR

(151 MHz, CDCl;, 20 °C): 6 41.9, 125.3, 126.3, 126.3, 128.4, 128.4, 128.9, 128.9, 130.1,

131.6, 133.8, 133.8, 1422, 142.3, 148.2, 169.6. IR (ATR, cm!) : 1673 (vco). HRMS-EI(+)

(m/z) : [M]+ caled for CyoH¢N,Os3, 332.1161; found, 332.1160. Actual charts are shown in

Figures S16.

2-(4-Nitrophenyl)-N,N-di(4-methoxyphenyl)acetamide (5).>° From 2-(4-nitrophenyl)acetic

acid (1.45 g, 8.0 mmol) and di(4-methoxyphenyl)amine (1.5 g, 6.5 mmol), 5 was obtained as

pale brown solid (1.7 g, 4.3 mmol, 66% in isolated yield). Mp: 81.3 ~ 82.6 °C. 'H NMR (600

MHz, CDCls, —20 °C): & 3.74 (s, 2H, -CH,-), 3.76 (s, 3H, -OCHj), 3.83 (s, 3H, -OCH;), 6.83

(d, Jun = 8.9 Hz, 2H, CsH:OMe), 6.90 (d, Sy = 8.9 Hz, 2H, C¢H,OMe), 7.11 (d, Jiy = 8.9

Hz, 2H, Cc¢H4,OMe), 7.14 (d, Jun = 8.9 Hz, 2H, CcH,0OMe), 7.31 (d, Juu = 8.3 Hz, 2H,

CsHiNO,), 8.14 (d, Jun = 8.3 Hz, 2H, C¢HiNO,). BC{'H} NMR (151 MHz, CDCls, —20 °C):

041.7,55.5,55.7,114.2,114.9,123.7,127.3,129.7, 130.2, 135.2, 135.2, 142.9, 146.7, 157.6,
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159.0, 170.1. IR (ATR, cm™) : 1656 (vco). HRMS-EI(+) (m/z) : [M]+ calcd for Cy,HyoN,Os,
392.1372; found, 392.1371. Actual charts are shown in Figures S19.

1-(10H-phenoxazin-10-yl)-2-(4-nitorophenyl)ethanone (6).°° From 2-(4-nitrophenyl)acetic
acid (2.66 g, 14.7 mmol) and phenoxazine (2.2 g, 12.0 mmol), 6 was obtained as yellow solid
(3.0 g, 7.0 mmol, 58% in isolated yield). Mp: 178 ~ 179 °C. 'H NMR (600 MHz, CDCl;, rt):
04.07 (s, 2H, -CH»-), 7.13 (dd, Ju.x = 1.4, 8.2 Hz, 2H, Phenoxazinyl), 7.16 (ddd, 2H, Jy.y =
1.4, 8.2, 8.2 Hz, Phenoxazinyl), 7.24 (ddd, 2H, Jy.gy = 1.4, 8.2, 8.2 Hz, Phenoxazinyl), 7.33
(d, 2H, Jy.u = 8.3 Hz, C4H4NO,), 7.50 (dd, 2H, Jy.y = 1.4, 8.2 Hz, Phenoxazinyl), 8.13 (d,
2H, Juu = 8.3 Hz, CcH4NO,). BC{'H} NMR (151 MHz, CDCl;, rt): 3 40.8, 117.2, 123.6,
123.7, 125.2, 127.6, 129.1, 130.3, 142.0, 147.1, 151.3, 169.0. IR (ATR, cm!) : 1669 (vco).
HRMS-EI(+) (m/z) : [M]+ calcd for C,0H4N,Oy4, 346.0954; found, 346.0955. Actual charts
are shown in Figures S20.

2-(4-Nitrophenyl)-N,N-diphenylpropionamide (7).>° From 2-(4-nitrophenyl)propionic acid
(6.2 g, 32.0 mmol) and diphenylamine (4.4 g, 26.0 mmol), 7 was obtained as yellow solid
(7.9 g, 18.7 mmol, 72% in isolated yield). Mp: 119 ~ 120 °C. 'H NMR (600 MHz, CDCl;,
—20°C): 6 1.49 (d, Jy.y = 6.9 Hz, 3H, -CH;), 3.96 (q, Ju.u = 6.9 Hz, 1H, -CH), 7.05 (br, 2H,

0-Ph),7.17 (d, Ju.u = 7.6 Hz, 2H, 0-Ph), 7.19 (t, Ju.u = 7.6 Hz, 1H, p-Ph), 7.25 (d, Ju.u = 9.6
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Hz, 2H, CeHiNO,), 7.32 (dd, Juy = 7.6, 7.6 Hz, 2H, m-Ph), 7.35-7.40 (a mixture of broad

signals, 3H, m-Ph and p-Ph), 8.12 (d, Juy = 9.6 Hz, 2H, C¢H;NO,). 3C{'H} NMR (151

MHz, CDCl;, 20 °C):  20.5, 44.0, 123.9, 126.3, 126.6, 128.4, 128.6, 128.9, 129.1, 129.9,

141.9, 142.2, 146.7, 149.1, 172.9. IR (ATR, cm') : 1662 (veo). HRMS-EI(+) (m/z) : [M]+

calcd for C;HgN,O3, 346.1317; found, 346.1315. Actual charts are shown in Figures S21.

Preparation of 4-(2°,1’,3’-benzothiadiazol-4’-yl)-/V,N-diphenylbenzeneacetamide

(2).3° Step 1: Synthesis of 4-(4°,4°,5°,5 -tetramethyl-1",3’,2 -dioxaborolan-2’-yl)-N, N-

diphenylbenzeneacetamide (2n). In a 100 ml of two-necked flask were placed 2d (1.8 g, 5.0

mmol), (Bpin), (1.5 g, 6.0 mmol), potassium acetate (1.3 g, 13.0 mmol) and 1,4-dioxane (15

mL). A mixture was stirred at ambient temperature for 20 min. After addition of PdCl,(dppf)

(183 mg, 0.25 mmol), the solution was heated at 105 °C under reflux in oil bath for 20 h.

After cooling, brine (100 mL) was added, and the mixture was extracted with Et,O (100 mL).

Combined extracts were separated, and dried over Na,SO,. After filtration, the solution was

concentrated in vacuo. The residue was purified by column chromatography (siliga-gel,

eluted by hexane: EtOAc = 4: 1) to afford 2n as white solid (3.4 g, 2.35 mmol, 47% isolated

yield). Mp: 95.0 ~ 95.8 °C. 'H NMR (600 MHz, CDCls, —20 °C): § 1.34 (s, 12 H, CHz), 3.68

(s, 2 H, CH), 7.12 (d, Juu = 8.2 Hz, 2H, C¢H,Bpin), 7.14 (d, Jun = 7.6 Hz, 2H, 0-Ph), 7.17
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(t, Juwn = 7.6 Hz, 1H, p-Ph), 7.21 (d, Jyw = 7.6 Hz, 2H, 0-Ph), 7.31 (dd, Jyy = 7.6, 7.6 Hz,

2H, m-Ph), 7.35 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.36 (dd, Sy = 7.6, 7.6 Hz, 2H, m-Ph), 7.70

(d, Jin = 8.2 Hz, 2H, C¢H,Bpin). *C{'H} NMR (151 MHz, CDCls, —20 °C): & 24.9, 42.5,

83.9, 126.3, 126.4, 128.1, 128.5, 129.0, 129.0, 129.7, 134.9, 138.2, 142.4, 170.93. IR (ATR,

cm™) : 1665 (vco). HRMS-EI(+) (m/z) : [M]+ caled for C,sH,sBNOs, 413.2162; found,

413.2162. Actual charts are shown in Figures S17.

Step 2: Synthesis of 2f. In a 500 ml of two-necked flask were placed 2n (827 mg, 2.0 mmol),

4-bromobenzothiadiazole (430 mg, 2.0 mmol), toluene (120 mL) and EtOH (40 mL). The

mixture was stirred at ambient temperature until the solid materials were completely

dissolved. After addition of Pd(PPhs), (231 mg, 0.2 mmol) and K,CO5 (1.38 g, 10.0 mmol),

the solution was heated at 80 °C in oil bath for 7 h. After cooling, H,O (150 mL) was added,

and the mixture was extracted with CH,Cl, (150 mL). Extracts were separated, and dried

over Na,SO,. After filtration, the solution was concentrated in vacuo. The residue was

purified by column chromatography (silica gel, eluted by hexane: EtOAc = 4: 1) to afford 2f

as white solid (404 mg, 0.96 mmol, 48% isolated yield). Mp: 133.0 ~ 133.6 °C. 'H NMR

(600 MHz, CDCls, ~20 °C): & 3.74 (s, 2H, CHy), 7.19 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.26 (d,
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Jun = 8.3 Hz, 2H, C¢H4BTD), 7.26 (d, Ju.u = 8.3 Hz, 2H, 0-Ph), 7.30 (d, Ju.u = 7.6 Hz, 2H,

0-Ph), 7.33 (dd, Juy = 7.6, 7.6 Hz, 2H, m-Ph), 7.39 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.44 (dd,

Jun = 7.6, 7.6 Hz, 2H, m-Ph), 7.68-7.71 (a mixture of signals, 2H, BTD), 7.83 (d, Juu = 8.3

Hz, 2H, C¢H,BTD), 7.9 (d, Juy = 4.8 Hz, 1H, BTD). *C{'H} NMR (151 MHz, CDCl;, —

20 °C): 0 41.7, 120.5, 126.3, 126.4, 127.8, 128.2, 129.0, 129.0, 129.3, 129.5, 129.8, 129.9,

134.1, 135.3,135.8, 142.4, 142.6, 153.4, 155.5, 171.0. IR (ATR, cm™") : 1656 (vco). HRMS-

EI(+) (m/z) : [M]+ calcd for CcHgN3OS, 421.1249; found, 421.1248. Actual charts are

shown in Figures S9.

Preparation of 2-(4-Acetylphenyl)-NV,N-diphenylacetamide (2i).>° In a 100 ml of two-

necked flask were placed 2d (2.2 g, 6.0 mmol), Pd(OAc), (67 mg, 0.6 mmol), dppp (247 mg,

0.6 mmol), and [BMIM][OTH] (12 mL). After addition of 1-(vinyloxy)butane (3.8 mL, 30.0

mmol) and NEt; (1 mL, 7.2 mmol), the solution was heated at 115 °C in oil bath for 29 h.

After cooling, 1M HCI aq. (42 ml) was added, and the mixture was extracted with CH,Cl,

(50 ml). The extracts were combined, washed with H,O (50 mL), and dried over Na,SO,.

After filtration, the solution was concentrated in vacuo. The residue was purified by column

chromatography (silica-gel, eluted by hexane: EtOAc = 3: 1) to afford 2i as white solid (1.1

g, 3.48 mmol, 58% in isolated yield). Mp: 112 ~ 113 °C. 'H NMR (600 MHz, CDCl;, —
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20 °C): 5 2.61 (s, 3H, -CH), 3.72 (s, 2H, -CH,-), 7.18 (d, Juu = 7.6 Hz, 2H, 0-Ph), 7.19 (t,

Jun = 7.6 Hz, 1H, p-Ph), 7.21 (d, Juy = 7.6 Hz, 2H, 0-Ph), 7.22 (d, Jun = 8.3 Hz, 2H,

CsH4COCH3), 7.32 (dd, Juy = 7.6, 7.6 Hz, 2H, m-Ph), 7.38 (t, Ju.u = 7.6 Hz, 1H, p-Ph), 7.40

(dd, Sy = 7.6, 7.6 Hz, 2H, m-Ph), 7.87 (d, Juu = 8.3 Hz, 2H, C¢H,COCH;). 3C{'H} NMR

(151 MHz, CDCl;, —20 °C): 6 27.0, 42.1, 126.3, 126.4, 128.3, 128.5, 128.9, 129.0, 129.4,

129.9, 135.4, 140.6, 142.2, 142.2, 170.3, 198.4. IR (ATR, cm™) : 1667 (vconphz and Veowmes

overlapped). HRMS-EI(+) (m/z) : [M]+ caled for Co,HoNO,, 329.1416; found, 329.1417.

Actual charts are shown in Figures S12.

Preparation of 2-(4-Formylphenyl)-V,N-diphenylacetamide (2Kk).3° Step 1. Synthesis of

a mixture of 2-{4-(bromomethyl)phenyl}-N,N-diphenylacetamide (20) and 2-{4-

(chloromethyl)phenyl}-N,N-diphenylacetamide (2p). In similar fashion to the general

procedure described above, reaction of 2-{4-(bromomethyl)phenyl}acetic acid (2.3 g, 10.0

mmol) with SOCIl, was followed by treatment of the resulting acyl chloride with

diphenylamine (1.4 g, 8.0 mmol). During the reaction with SOCl,, a part of bromomethyl

group of 2-{4-(bromomethyl)phenyl}acetic acid was converted to the chloromethyl moiety.

The products were a 75 : 25 mixture of 20 and 2p determined by "H NMR (pale yellow solid,

7.3 g, 24 mmol for 75 : 25 mixture of 20 and 2p). Mp : 124.6 ~ 126.6 °C. 'H NMR (600
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MHz, CDCls, -20°C) §': 3.66 (s, 2H, -CH,CO- of 20), 3.66 (s, 2H, -CH,CO- of 2p), 4.49 (s,

2H, -CH,Br of 20), 4.58 (s, 2H, -CH,Cl of 2p) 7.10 (d, Juy = 8.3 Hz, 2H, C¢H;CH,Br of

20), 7.12 (d, Juu = 8.3 Hz, 2H, C¢HyCH,Cl of 2p), 7.18 (t, Juu = 8.3 Hz, 1H, p-Ph), 7.18(d,

Jun="7.6 Hz, 2H, 0-Ph), 7.24 (d, Ju.n = 7.6 Hz, 2H, 0-Ph), 7.29 (d, Juu = 7.6 Hz, 2H, CsHL),

7.32 (dd, Jiw = 7.6, 7.6 Hz, 2H, m-Ph), 7.37 (t, Jun = 7.6 Hz, 1H, p-Ph), 7.40 (dd, Jun =

7.6, 7.6 Hz, 2H, m-Ph). BC{'H} NMR (151 MHz, CDCL, -20°C) & 33.8, 41.8 (20), 46.3

(2p), 126.3, 128.2, 128.8 (2p), 128.9 (20), 129.0, 129.2, 129.5 (2p), 129.5 (20), 129.8, 135.3

(2p), 135.4 (20), 135.8 (2p), 136.2 (20), 142.3, 142.4, 170.9. IR (ATR, cm™) : 1681 (vco).

HRMS-EI(+) (m/z) : [M]+ calcd for C,;HsNOBr, 379.0572; found, 379.0574. Actual charts

are shown in Figures S18.

Step 2. Synthesis of 2-(4-formylphenyl)-N,N-diphenylacetamide (2k). In a 30 ml of two-

necked flask were placed a 75: 25 mixture of 20 and 2p (1.14 g, 3.0 mmol for 75 : 25 mixture

of 20 and 2p), hexamethylenetetramine (1.26 g, 9.0 mmol), EtOH (6 mL) and H,O (6 mL).

The solution was heated at 100 °C in oil bath for 4 h. Addition of conc. HCI (1.5 mL) was

followed by additional heating at 100 °C in oil bath for 30 minutes. After cooling, the organic

products were extracted with CH,Cl,. The extracts were combined, washed with H,O, and

dried over MgSQO,. After filtration, the solution was concentrated in vacuo. The residue was
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purified by column chromatography (silica gel, eluted by hexane: EtOAc = 3: 7) to afford 2k

(652 mg, 2.07 mmol, 69% in isolated yield). Mp : 90.4 ~91.7 °C. "TH NMR (600 MHz, CDCl;,

~20 °C): & 3.74 (s, 2H, -CH,-), 7.19 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.20 (d, Jyu = 7.6 Hz, 2H,

0-Ph), 7.23 (d, Jyw = 7.6 Hz, 2H, 0-Ph), 7.29 (d, Jun = 8.3 Hz, 2H, C¢H,CHO), 7.32 (dd,

Jun = 7.6, 7.6 Hz, 2H, m-Ph), 7.38 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.42 (dd, Jun = 7.6, 7.6 Hz,

2H, m-Ph), 7.79 (d, Juy = 8.3 Hz, 2H, C¢H,CHO), 9.98 (s, 1H, CHO). BC{'H} NMR (151

MHz, CDCl;, 20 °C): 6 42.3, 126.3, 126.5, 128.4, 128.9, 129.0, 129.9, 129.9, 130.0, 134.8,

142.1, 142.2, 142.2, 170.1, 192.5. IR (ATR, cm) : 1657 (Veonpm), 1691 (vero). HRMS-

EI(+) (m/z) : [M]+ calcd for C;;H7NO,, 315.1259; found, 315.1259. Actual charts are shown

in Figures S13.

Preparation of 4-(4’-Nitrophenyl)-V,N-diphenylbenzeneacetamide (8).3° In a 500 ml of

two-necked flask were added 2n (827 mg, 2.0 mmol), 4-bromonitrobenzene (404 mg, 2.0

mmol), toluene (120 mL) and EtOH (40 mL). A mixture was stirred at ambient temperature

until solids were completely dissolved. After addition of Pd(PPh;), (231 mg, 0.2 mmol) and

K,CO; (1.38 g, 10.0 mmol), the solution was heated at 80 °C in oil bath for 12 h. After

cooling, H,O (100 mL) was added, and the mixture was extracted with CH,Cl, (100 mL).

The extracts were combined, and dried over Na,SO,. After filtration, the solution was
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concentrated in vacuo. The residue was purified by chromatography (siliga gel, eluted by

hexane: EtOAc = 4: 1) to afford amide 8 (687 mg, 1.68 mmol, 84% isolated yield). Mp :

131.4 ~ 132.5 °C. '"H NMR (600 MHz, CDCl;, —20 °C): 4 3.71 (s, 2H, -CH,-), 7.19 (t, Ju.n

= 7.6 Hz, 1H, p-Ph), 7.23-7.27 (a mixture of signals, 6H, o-Ph and (C¢H,),NO,), 7.32 (dd,

Jun = 7.6, 7.6 Hz, 2H, m-Ph), 7.41 (t, Juu = 7.6 Hz, 1H, p-Ph), 7.43 (dd, Jun = 7.6, 7.6 Hz,

2H, m-Ph), 7.54 (d, Ju = 8.3 Hz, 2H, (C¢H4),NO,), 7.73 (d, Jun = 8.3 Hz, 2H, (CsH4)>NO,),

8.29 (d, Jun = 8.3 Hz, 2H, (CsHy),NO,). BC{'H} NMR (151 MHz, CDCls, —20 °C): § 41.8,

124.3, 126.4, 126.4, 127.5, 127.7, 128.3, 129.0, 129.0, 129.9, 130.1, 136.0, 137.1, 142.3,

142.5,146.7,147.3,170.9. IR (ATR, cm'') : 1664 (1vco). HRMS-EI(+) (m/z) : [M]+ caled for

Cy6Hy0N,03, 408.1474; found, 408.1473. Actual charts are shown in Figure S22.

Preparation of 4,7-Bis(V,N-diphenyl-4’-carbamoylmethylphenyl-)-2,1,3-

benzothidiazole (13).3° In a 500 ml of two-necked flask were placed 2n (2.07 g, 5.0 mmol),

2,7-dibromobenzothiadiazole (735 mg, 2.5 mmol), toluene (150 mL) and EtOH (50 mL). A

mixture was stirred at ambient temperature until solids were completely dissolved. Addition

of Pd(PPh3)4 (578 mg, 0.5 mmol) and K,COj5 (3.45 g, 25.0 mmol) was followed by heating

the solution at 80 °C in oil bath for 14 h. After cooling, H,O (100 mL) was added, and the

mixture was extracted with CH,Cl, (100 mL). Extracts were combined, and dried over
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Na,SO,. After filtration, the solution was concentrated in vacuo. The residue was purified by

column chromatography (siliga-gel eluted by hexane: EtOAc = 2: 1) to afford amide 13 (775

mg, 1.10 mmol, 44% isolated yield). Mp: 153.9 ~ 154.8 °C. 'H NMR (600 MHz, CDCl3, —

20 °C): § 3.75 (s, 4H, -CHy-), 7.19 (t, Jun = 7.6 Hz, 2H, p-Ph), 7.27 (d, Juy = 7.6 Hz, 4H,

0-Ph), 7.28 (d, Juy = 8.3 Hz, 4H, C¢H4BTD), 7.32 (d, Juy = 7.6 Hz, 4H, o-Ph), 7.33 (dd,

Jun = 7.6, 7.6 Hz, 4H, m-Ph), 7.39 (t, Juu = 7.6 Hz, 2H, p-Ph), 7.44 (dd, Jun = 7.6, 7.6 Hz,

4H, m-Ph), 7.78 (s, 2H, -BTD-), 7.87 (d, Juu = 8.3 Hz, 4H, C¢H,BTD). 13C{'H} NMR (151

MHz, CDCl;, 20 °C): 6 41.7, 126.4, 126.4, 128.2, 128.3, 129.0, 129.0, 129.3, 129.5, 129.9,

132.8, 135.3, 135.9, 142.4, 142.6, 154.0, 171.1. IR (ATR, em’) : 1661 (vco). HRMS-EI(+)

(m/z) : [M]+ calcd for C4H34N40,S, 706.2402; found, 706.2403. Actual charts are shown in

Figures S39.

General procedure for the preparation of D-7~A enamines 4, 9-12. In a 20 mL two-

necked recovery flask was placed the amide (0.50 ~ 2.00 mmol). Addition of the iridium

catalyst 1X or 1Y was followed by the addition of toluene (5.0 ~ 20 mL total), anisole (1

equiv. toward the amide, as an internal standard) and TMDS (2 equiv. to the amide). The

mixture was stirred at the temperature for the time described in Tables 1-4 and Scheme 1.

The conversion of amides and yields of enamines or silylhemiaminals were determined by
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'"H NMR spectroscopy based on the internal standard. After the reaction, the resulting silane

residue including unreacted TMDS and the solvent were removed in vacuo. The obtained

viscous solid was again dissolved in toluene (15 mL) and heated at 60 °C in oil bath for 1 h

to convert the silylhemiaminal to the corresponding enamine. The solution was concentrated

under reduced pressure. The solid obtained was rinsed with cold pentane (=78 °C, 10 mL x

3) and dried in vacuo. Chromatographic purification (silica gel, eluted by hexane : EtOAc :

NEt; =100 : 10 : 1) gave the desired enamines.

N-{2-(4-fluorophenyl)ethenyl}-N-phenylbenzenamine (4b).>° The reaction of 2b (305 mg,

1.00 mmol) with TMDS (268.8 mg, 2.00 mmol) was performed in the presence of 1X (0.05

mol%) in toluene (10 mL) at 25 °C in oil bath for 2 h. The product 4b was obtained as a white

solid (262 mg, 0.91 mmol, 91%). Mp: 75.4 ~ 76.4 °C. '"H NMR (400 MHz, CDCls, r.t.): &

5.58 (d, Jy.u = 14.1 Hz, 1H, CH=CH), 6.93 (dd, Ju.u = 8.7 Hz, Jur = 8.7 Hz, 2H, CcH,4F),

7.11 (d, Juy = 8.7 Hz, 4H, 0-Ph), 7.14 (t, Juyu = 7.8 Hz, 2H, p-Ph), 7.15 (dd, Jun = 8.7 Hz,

Jur = 5.3 Hz, 2H, C¢H4F), 7.29 (d, Ju.n = 14.1 Hz, 1H, CH=CH), 7.36 (dd, Jy.u = 8.7, 7.8

Hz, 4H, m-Ph). *C{'H} NMR (100 MHz, CDCL, r.t.): 8 108.1, 115.5 (d, Je.r = 20.2 Hz),

123.8, 124.1, 126.09, 125.7 (d, Jcr = 7.7 Hz), 133.5, 134.4 (d, Jcr = 2.9 Hz), 145.4, 160.9

(d, Jor = 243.7 Hz). F{'H} NMR (376 MHz, CDCls, r.t.): 5-118.13. IR (ATR, cm'): 1637,
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1586 (vic-cn). HRMS-EI(+) (m/z): [M]* caled for C,0H cNF 289.1267; found 289.1264.

Actual charts are shown in Figures S23.

N-{2-(4-chlorophenyl)ethenyl}-N-phenylbenzenamine (4c).>° The reaction of 2¢ (322 mg,

1.00 mmol) with TMDS (268.8 mg, 2.00 mmol) was performed in the presence of 1X (0.05

mol%) in toluene (10 mL) at 25 °C in oil bath for 4 h. The product 4¢ was obtained as a white

solid (217 mg, 0.71 mmol, 71%). Mp: 109.3 ~ 109.8 °C. '"H NMR of 4¢ (400 MHz, CDCl;,

r.t): 85.53 (d, Jun = 14.2 Hz, 1H, CH=CH), 7.10 (d, Jy.s = 8.7 Hz, 4H, 0-Ph), 7.12 (d, Jun

=8.7 Hz, 2H, CsHyC)), 7.15 (t, Jun = 7.8 Hz, 2H, p-Ph), 7.19 (d, Jun = 8.7 Hz, 2H, CsH4C)),

7.36 (dd, Ju = 7.8, 8.7 Hz, 4H, m-Ph), 7.36 (d, Jyy = 14.2 Hz, 1H, CH=CH). 3C{'H} NMR

of 4¢ (100 MHz, CDCls, r.t.):  107.6, 123.9, 124.3, 125.7, 128.8, 129.7, 130.2, 134.2, 136.9,

145.3. IR (ATR, cm™): 1633, 1585 (vc—cn). HRMS-EI(+) (m/z): [M]" caled for C,oH;sNCl

305.0971; found 305.0969. Actual charts are shown in Figures S24.

N-{2-(4-bromophenyl)ethenyl}-N-phenylbenzenamine (4d).’° The reaction of 2d (183 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.03

mol%) in toluene (5 ml) at 30 °C in oil bath for 2 h. The product 4d was obtained as a white

solid (144 mg, 0.41 mmol, 82%). Mp: 107.5 ~ 108.0 °C. 'H NMR (400 MHz, CDCl,, r.t.): 5

5.51 (d, Ju.u = 14.2 Hz, 1H, CH=CH), 7.06 (d, Ju.u = 8.3 Hz, 2H, C¢H4Br), 7.10 (d, Jyu =
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8.7 Hz, 4H, 0-Ph), 7.14 (t, Juu = 7.8 Hz, 2H, p-Ph), 7.33 (d, Jiw = 8.3 Hz, 2H, C¢H,Br),

7.36 (dd, Ju = 7.8, 8.7 Hz, 4H, m-Ph), 7.38 (d, Jyy = 14.2 Hz, 1H, CH=CH). 3C{'H} NMR

(100 MHz, CDCl3, 1.t.): 6 107.6 118.1, 123.9, 124.3, 126.0, 129.7, 131.7, 134.2, 137.4, 145.3.

IR (ATR, cm): 1632, 1588, 1579 (vc—cn). HRMS-EI(+) (m/z): [M]* caled for C,0H sNBr

349.0466; found 349.0467. Actual charts are shown in Figures S25.

N-{2-(4-iodophenyl)ethenyl}!-N-phenylbenzenamine (4e). The reaction of 2e (207 mg, 0.50

mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.3 mol%)

in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 4e was obtained as a white solid

(143 mg, 0.36 mmol, 72%). Mp: 106.0 ~ 106.3 °C. 'H NMR (400 MHz, CDCl;, r.t.): & 5.49

(d, Jun = 14.2 Hz, 1H, CH=CH), 6.94 (d, Jyiz = 8.7 Hz, 2H, CsHal), 7.10 (d, Jun = 8.2 Hz,

4H, 0-Ph), 7.14 (t, Jyww = 7.7 Hz, 2H, p-Ph), 7.35 (dd, Jiu = 8.3, 7.7 Hz, 4H, m-Ph), 7.39 (d,

Jun = 14.2 Hz, 1H, CH=CH), 7.52 (d, Jyy = 8.7 Hz, 2H, C¢H,I). 3C{'H} NMR (100 MHz,

CDCl;, r.t.): 0 88.8, 107.6, 123.9, 124.4, 126.4, 129.7, 134.3, 137.6, 138.0, 145.2. IR (ATR,

cm): 1632, 1586, 1577 (vic—cn). HRMS-EI(+) (m/z): [M]" caled for C,0H gNI 397.0328;

found 397.0329. Actual charts are shown in Figures S26.

N-[2-{4-(2’,1’,3 -benzothiadiazol-4 -yl)phenyl}ethenyl]-N-phenylbenzenamine (4f).>° The

reaction of 2f (211 mg, 0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in
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the presence of 1Y (0.5 mol%) in toluene (5 mL) at 30 °C in oil bath for 2 h. The product 4f

was obtained as a red solid (89 mg, 0.21 mmol, 42%). Mp: 134.3 ~ 135.0 °C.'"H NMR (400

MHz, CDCl;, r.t.): 6 5.69 (d, Jun = 14.3 Hz, 1H, CH=CH), 7.14 (d, Ju.u = 8.2 Hz, 2H, o-

Ph), 7.16 (t, Juy = 8.2 Hz, 2H, p-Ph), 7.36 (d, Juy = 8.2 Hz, 2H, C¢H4BTD), 7.38 (dd, Jiuu

= 8.3, 7.7 Hz, 4H, m-Ph), 7.50 (d, Ju.u = 14.3 Hz, 1H, CH=CH), 7.64-7.69 (a mixture of

signals, 1H+1H, BTD), 7.85 (d, /i = 8.2 Hz, 2H, C(H,BTD), 7.96 (d, Juy = 8.2 Hz, 1H,

BTD). BC{'H} NMR (100 MHz, CDCl;, r.t.): 8 102.3, 111.5, 112.3, 114.6, 114.9, 115.2,

117.0, 119.1, 119.2, 119.3, 122.5, 122.9, 123.1, 126.5, 131.7, 140.1. IR (ATR, cm™!): 1632,

1587 (ve=cn). HRMS-EI(+) (m/z): [M]" caled for CycH9N3S 405.1300; found 405.1300.

Actual charts are shown in Figures S27.

N-{2-(4-cyanophenyl)ethenyl}-N-phenylbenzenamine (4g).’° The reaction of 2g (166 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.5

mol%) in toluene (5 mL) at 30 °C in oil bath for 1 h. The product 4g was obtained as a yellow

solid (86 mg, 0.29 mmol, 58%). Mp.: 113 ~114°C. 'HNMR (400 MHz, CDCl;, r.t.): &

5.52 (d, Juy = 14.2 Hz, 1H, CH=CH), 7.11 (d, Juu = 8.7 Hz, 4H, 0-Ph), 7.19 (t, Juu = 7.8

Hz, 2H, p-Ph), 7.22 (d, Juu = 8.7 Hz, 2H, C¢HLCN), 7.38 (dd, Jun = 7.8, 8.7 Hz, 4H, m-Ph),

7.47 (d, Jun = 8.7 Hz, 2H, CeH4CN), 7.55 (d, Sy = 14.2 Hz, 1H, CH=CH). 3C{'H} NMR
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(100 MHz, CDCl3, 1.t.): 6 106.4, 107.0, 119.9, 124.1, 124.5, 125.0, 129.8, 132.5, 136.7, 143.6,

144.9. IR (ATR, cm™): 2215 (vewn), 1671, 1632, 1583 (vecn). HRMS-EI(+) (m/z): [M]*

caled for C;H N, 296.1313; found 296.1313. Actual charts are shown in Figures S28.

N-[2-{4-(methoxycarbonyl)phenyl}ethenyl]-N-phenylbenzenamine (4h). The reaction of

2h (173 mg, 0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence

of 1X (0.1 mol%) in CH,Cl, (1 mL) at 30 °C in oil bath for 19 h. The product 4h was obtained

as a yellow solid (102 mg, 0.31 mmol, 61%). Mp: 107.5 ~ 108.0 °C. 'H NMR (400 MHz,

CDCly, .t.): 8 3.88 (s, 3H, -OCHj), 5.57 (d, Juw = 13.5 Hz, 1H, CH=CH), 7.12 (d, Juis = 8.3

Hz, 4H, 0-Ph), 7.17 (t, Juu = 8.3 Hz, 2H, p-Ph), 7.22 (d, Juu = 8.7 Hz, 2H, CsH,CO>Me),

7.37 (dd, Juy = 8.3, ,8.3 Hz, 4H, m-Ph), 7.55 (d, Ju = 13.5 Hz, 1H, CH=CH), 7.88 (d, 2H,

Jun = 8.7 Hz, C¢H,CO,Me). BC{'H} NMR (100 MHz, CDCL, r.t.): § 52.0, 107.4, 124.0,

124.0, 124.7, 126.1, 129.7, 130.2, 135.8, 143.5, 145.0, 167.3. IR (ATR, cm™): 1669 (vc-o),

1630, 1583 (ve=cn). HRMS-EI(+) (m/z): [M]" caled for C,,H19NO, 329.1416; found

329.1416. Actual charts are shown in Figures S29.

N-{2-(4-acetylphenyl)ethenyl}-N-phenylbenzenamine (4i).>° The reaction of 2i (165 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1X (0.25

mol%) in toluene (5 mL) at 30 °C in oil bath for 2 h. The product 4i was obtained as a yellow
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solid (106 mg, 0.34 mmol, 68%). Mp: 115~ 116 °C. 'H NMR (400 MHz, CDCl;, r.t.): &

2.55 (s, 3H, -CHj), 5.57 (d, Jyw = 13.7 Hz, 1H, CH=CH), 7.12 (d, Juu = 8.3 Hz, 4H, 0-Ph),

7.18 (t, Jun = 8.3 Hz, 2H, p-Ph), 7.24 (d, Jun = 8.7 Hz, 2H, CsH,COMe), 7.38 (dd, Jiy =

8.3, 8.3 Hz, 4H, m-Ph), 7.57 (d, Ju.u = 13.7 Hz, 1H, CH=CH), 7.82 (d, Ju.u = 8.7 Hz, 2H,

CsH4COMe). 3C{'H} NMR of 4i (100 MHz, CDCl;, r.t.): $ 26.5, 107.2, 118.0, 124.1, 124.8,

129.2, 129.8, 133.5, 136.1, 143.9, 145.0, 197.4. IR (ATR, cm): 1662 (vc-o), 1631, 1579

(Ve=cn). HRMS-EI(+) (m/z): [M]* caled for Cp,H9NO 313.1467; found 313.1466. Actual

charts are shown in Figures S30.

N-{2-(4-formylphenyl)ethenyl}-N-phenylbenzenamine (4k).’° The reaction of 2k (152 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1X (0.1

mol%) in toluene (5 mL) at 25 °C in oil bath for 2 h. The product 4k was obtained as a yellow

solid (67 mg, 0.22 mmol, 44%). Mp: 102.4 ~ 103.0 °C. 'H NMR (400 MHz, CDCl;, r.t.): &

5.58 (d, Juy = 14.2 Hz, 1H, CH=CH), 7.13 (d, Ju = 8.3 Hz, 4H, 0-Ph), 7.19 (t, Juu = 8.3

Hz, 2H, p-Ph), 7.30 (d, Juy = 8.7 Hz, 2H, C¢H,CHO), 7.38 (dd, Jun = 8.3, 8.3 Hz, 4H, m-

Ph), 7.62 (d, Jun = 14.2 Hz, 1H, CH=CH), 7.72 (d, Jun = 8.7 Hz, 2H, C¢H,CHO), 9.87 (s,

1H, -CHO). 3C{'H} NMR (100 MHz, CDCl, r.t.):  106.9, 124.1, 124.4, 125.0, 129.8, 130.6,

133.0, 136.7, 144.8, 145.5, 191.5. IR (ATR, cm™!): 1685 (vc=0), 1632, 1577, 1558 (vc=cn)-

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

HRMS-EI(+) (m/z): [M]" caled for C;H7;NO 299.1310; found 299.1310. Actual charts are

shown in Figures S31.

N-{2-(4-nitrophenyl)ethenyl}-N-phenylbenzenamine (4m).’° The reaction of 2m (166 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.5

mol%) in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 4m was obtained as a red

solid (97 mg, 0.31 mmol, 61%). Mp: 149.6 ~ 150.9 °C. '"H NMR (400 MHz, CDCl, r.t.): 5

5.56 (d, Jun = 13.5 Hz, 1 H, CH=CH), 7.13 (d, Jy = 8.3 Hz, 4 H, 0-Ph), 7.21 (¢, Jyy = 8.3

Hz, 2H, p-Ph), 7.24 (d, Jun = 8.7 Hz, 2H, C¢HINO,), 7.40 (dd, Juy = 8.3, 8.3 Hz, 4H, m-

Ph), 7.64 (d, Juu = 13.5 Hz, 1H, CH=CH), 8.07 (d, Jun = 8.7 Hz, 1H, C¢HsNO,). 3C{'H}

NMR (100 MHz, CDCl3, r.t.): 6 105.9, 124.0, 124.2, 124.5, 125.3, 129.5, 129.9, 137.6, 144.4,

144.7. IR (ATR, Cl’l’l'l)I 163 1, 1576 (VC:CN)- HRMS-EI(+) (l’l’l/Z)Z [M]+ calcd for C20H16N202

316.1212; found 316.1211. Actual charts are shown in Figures S32.

N-{2-(3-nitrophenyl)ethenyl}-N-phenylbenzenamine (4m’).>° The reaction of 2m’ (166 mg,

0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.5

mol%) in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 4m’ was obtained as an

orange solid (116 mg, 0.37 mmol, 73%). Mp: 86.0 ~ 86.1 °C. 'H NMR (400 MHz, CDCl;,

r.t.): 6 5.56 (d, Jy.n = 13.7 Hz, 1H, CH=CH), 7.12 (d, Ju.u = 8.3 Hz, 4H, 0-Ph), 7.19 (t, Ju.u
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= 7.3 Hz, 2H, p-Ph), 7.35 (dd, Juy = 8.2, 8.2 Hz, 1H, C(HLNO,), 7.38 (dd, Sy = 7.3, 8.3
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Hz, 4H, m-Ph), 7.45 (d, Jun = 8.2 Hz, 1H, C¢HyNO,), 7.54 (d, Jyy = 13.7 Hz, 1H, CH=CH),

7.86 (d, Juy = 8.2 Hz, 1H, CeHiNO,), 8.02 (s, 1H, C¢HiNO,). 3C{'H} NMR (100 MHz,

CDCl;, r.t.): 6 105.8, 118.7, 119.2, 124.0, 124.8, 129.4, 129.8, 130.1, 135.9, 140.6, 144.9,

148.9. IR (ATR, cm!): 1635, 1586 (ve—cn). HRMS-EI(+) (m/z): [M]" caled for C,0HsN,O,

316.1212; found 316.1212. Actual charts are shown in Figures S33.

N-{2-(2-nitrophenyl)ethenyl}-N-phenylbenzenamine (4m”).3° The reaction of 2m” (166

mg, 0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y

(0.5 mol%) in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 4m” was obtained as

a red paste (119 mg, 0.38 mmol, 75%). Mp: 49.1 ~ 49.2 °C. 'H NMR (400 MHz, CDCl;,

rt): & 6.16 (d, Juy = 13.7 Hz, 1H, CH=CH), 7.13 (d, Juu = 8.3 Hz, 4H, 0-Ph), 7.14 (1H,

CeH4NO,, overlapped with o-Ph and p-Ph and determined by 'H-'H COSY), 7.18 (t, Jy.q =

7.7 Hz, 2H, p-Ph), 7.37 (dd, Jyy = 7.7, 8.7 Hz, 4H, m-Ph), 7.45 (dd, Sy = 7.7, 7.7 Hz, 1H,

CeHiNO,), 7.57 (d, Jun = 13.7 Hz, 1H, CH=CH), 7.60 (d, Juu = 7.7 Hz, 1H, C¢H;NO,),

7.84 (d, Juw = 7.7 Hz, 1H, C4HNO,). BC{'H} NMR (100 MHz, CDCl, r.t.): § 102.9, 124.0,

124.9, 125.0, 125.3, 126.2, 129.8, 132.9, 134.4, 137.9, 144.9, 146.5. IR (ATR, cm™!): 1629,
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1587 (ve—cn). HRMS-EI(+) (m/z): [M]* caled for CooH gN>O, 316.1212; found 316.1211,

Actual charts are shown in Figures S34.

N-{2-(4-nitrophenyl)ethenyl}-N,N-di(4 -methoxyphenyl)amine (9).>° The reaction of 9 (196

mg, 0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y

(0.5 mol%) in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 9 was obtained as a

dark red solid (151 mg, 0.40 mmol, 79%). Mp: 115.5 ~115.6 °C. 'HNMR (400 MHz, CDCl;,

rt): & 3.83 (s, 6H, -OCHj), 5.47 (d, Juw = 13.7 Hz, 1H, CH=CH), 6.91 (d, Jizys = 8.3 Hz,

4H, CcH,OCHs3), 7.05 (d, Juu = 8.3 Hz, 4H, CcH,0OCH3), 7.20 (d, Ju.n = 8.7 Hz, 2H,

CsHiNO,), 7.56 (d, Juy = 13.7 Hz, 1H, CH=CH), 8.05 (d, Ju. = 8.7 Hz, 2H, C¢H;NO,).

BC{'H} NMR (100 MHz, CDCl;, r.t.): 8 55.7, 104.0, 115.0, 123.6, 124.6, 125.4, 138.2, 138.7,

143.9, 146.7, 157.3. IR (ATR, cm™): 1626, 1577 (vc—cn). HRMS-EI(+) (m/z): [M]* caled for

CyoHyoN,04 376.1423; found 376.1424. Actual charts are shown in Figures S35.

10-{2-(4-nitrophenyl)ethenyl}-10H-phenoxazine (10).>° The reaction of 6 (173 mg, 0.50

mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of 1Y (0.5 mol%)

in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 10 was obtained as a red solid (66

mg, 0.20 mmol, 40%). Mp: 178 ~ 179 °C. 'H NMR (400 MHz, CDCls, r.t.): 8 6.55 (d, Jix

=14.6 Hz, 1H, CH=CH), 7.01 (dd, Juy.u = 7.7, 1.4 Hz, 2H, -N(C¢H4),0), 7.06 (ddd, Jy.u =
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7.7,7.7, 1.4 Hz, 2H, -N(C4H,),0), 7.10 (ddd, Jun = 7.7, 7.7, 1.4 Hz, 2H, -N(CsH3),0), 7.29

(dd, Sy = 7.7, 1.4 Hz, 2H, -N(CsH,),0), 7.35 (d, Jun = 8.7 Hz, 2H, C¢HiNO,), 7.39 (d, Jiv.i

= 14.6 Hz, 1H, CH=CH), 8.13 (d, Jiy = 8.7 Hz, 2H, C¢H,NO,). BC{'H} NMR 10 (100

MHz, CDCl;, r.t.): 6 105.1, 117.3, 119.1, 124.0, 124.5, 124.6, 125.4, 131.6, 134.5, 145.0,

145.3, 149.3 IR (ATR, cm™): 1635, 1615, 1579 (vc—cn). HRMS-EI(+) (m/z): [M]* calcd for

Cy0H14N,05 330.1004; found 330.1004. Actual charts are shown in Figures S36.

(E)-N-{2-(4-nitrophenyl)propen-1-yl}-N-phenylbenzenamine (11).3° Although the product

should be a mixture of stereoisomers, only one isomer was isolated. The reaction of 7 (693

mg, 2.00 mmol) with TMDS (537.6 mg, 4.00 mmol) was performed in the presence of 1Y

(0.5 mol%) in toluene (20 mL) at 30 °C in oil bath for 6 h. The product 11 was obtained as a

bright red solid (383 mg, 1.16 mmol, 58%). Mp: 120 ~ 121 °C. 'H NMR of 11 (400 MHz,

CDCls, r.t.): 8 1.67 (s, 3H, CH=CCH;), 6.81 (s, 1H, CH=CCHs), 7.08 (t, Juy = 7.3 Hz, 2H,

p-Ph), 7.11 (d, Jyy = 8.3 Hz, 4H, 0-Ph), 7.31 (dd, J = 7.3, 8.3 Hz, 4 H, m-Ph), 7.53 (d, Ji.u

=7.3 Hz, 2 H, C¢HANO,), 8.16 (d, Juy = 7.3 Hz, 2 H, C4HLNO,). BC{'H} NMR of 12 (100

MHz, CDCl;, r.t.): 6 16.0, 121.0, 122.8, 123.6, 123.9, 125.3,129.5, 134.5, 145.8, 146.3, 149.2.

IR (ATR, Cl’l’l'l)Z 1626, 1580 (VC:CN)- HRMS-EI(+) (l’l’l/Z)Z [M]+ calcd for C21H18N202

330.1368; found 330.1364. The stereochemistry around the C=C bond was determined by
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COSY and NOESY spectrum to be E-configuration (Figures S37 (b) and (¢)). Actual charts

are shown in Figures S37.

N-[2-{4-(4 -nitrophenyl)phenyl}ethenyl]-N-phenylbenzenamine (12).>° The reaction of 8

(204 mg, 0.50 mmol) with TMDS (134.4 mg, 1.00 mmol) was performed in the presence of

1Y (0.5 mol%) in toluene (5 mL) at 30 °C in oil bath for 6 h. The product 12 was obtained

as a red solid (118 mg, 0.30 mmol, 59%). Mp: 194 ~ 195 °C. 'H NMR (400 MHz, CDCl;,

r.t.): 6 5.62 (d, Ju.n = 14.2 Hz, 1H, CH=CH), 7.13 (d, Ju.u = 7.7 Hz, 4H, 0-Ph), 7.17 (t, Ju.n

=7.7 Hz, 2H, p-Ph), 7.31 (d, Jun = 8.2 Hz, 2 H, CeHy-CgHuNO,), 7.37 (dd, Juy = 7.7 Hz, 4

H, m-Ph), 7.51 (d, Juu = 14.2 Hz, 1H, CH=CH), 7.53 (d, Jy.us = 8.2 Hz, 2 H, C4H,-CHuNO,),

7.72 (d, Jy.u = 8.8 Hz, 2 H, CcHs-CsH4NO,), 8.27 (d, Jun = 8.8 Hz, 2 H, C¢H4-CsH4NO,).

BC{'H} NMR (100 MHz, CDCl;, r.t.): 4 107.7, 117.9, 119.8, 124.0, 124.3, 124.5, 125.1,

127.1,127.7,129.8, 134.8, 139.6, 145.2, 146.7. IR (ATR, cm!): 1628, 1586 (vc=cn)- HRMS-

EI(+) (m/z): [M]" calcd for C,sHoN,0, 392.1525; found 392.1525. Actual charts are shown

in Figures S38.

Preparation of D-n-A-n-D enamines 14 (Scheme 5).3% In a 20 mL two-necked flask were

placed the amide 13 (353 mg, 0.50 mmol), the iridium catalyst 1Y (7.1 mg, 0.005 mmol, 0.5

mol%). The mixture was dissolved in toluene (7.0 mL), and anisole (54 ul, 0.50 mmol, as an
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internal standard) and TMDS (268.8 mg, 2.00 mmol) were added. The mixture was stirred at

30 °C in oil bath for 4 h. The conversion of 13 and yields of the resulting enamine 14 were

determined by '"H NMR spectroscopy. After the reaction, the resulting silane residue

including unreacted TMDS and the solvent were removed in vacuo. The obtained red viscous

solid was again dissolved in pentane (10 mL), and cooled at —30 °C for 12h. The enamine 14

was obtained as red crystal (300 mg, 0.45 mmol, 89%). Mp: 227 ~ 228 °C. [CAS 2243706-

34-3]. 'TH NMR (400 MHz, CDCL, r.t.): 5 5.70 (d, Juy = 14.2 Hz, 2H, CH=CH), 7.15 (d,

Jun=8.3 Hz, 8H, 0-Ph), 7.16 (t, Jyy = 8.3 Hz, 4H, p-Ph), 7.37 (d, Jun = 8.6 Hz, 4H, -CeHy-

BTD-CeHy-), 7.37 (dd, Sy = 8.3,8.3 Hz, 8H, m-Ph), 7.50 (d, Jyy = 14.2 Hz, 1H, CH=CH),

7.75 (s, 2H, BTD), 7.89 (d, Ji = 8.6 Hz, 4H, -C¢H4-BTD-C4H,-). *C{'H} NMR (100 MHz,

CDCl;, r.t.): 6 108.7, 118.0, 121.1, 124.0, 124.2, 124.7, 127.5, 129.5, 129.5, 129.8, 134.3,

138.6, 145.4. IR (ATR, cm!): 1631, 1588 (vc—cn). HRMS-EI(+) (m/z): [M]* calcd for

C46H34N4S 674.2504; found 674.2504. Actual charts are shown in Figures S40.

UV-vis absorption and fluorescence measurements. UV-vis absorption spectra were

measured on a JASCO V-650DS spectrometer (for solution) and SHIMADZU UV-3150 (for

solid). Fluorescence emission spectra were measured on a JASCO FP-6500 spectrometer and

HAMAMATSU (C9920-02 (for quantum yield). Spectral data of UV-vis absorption and
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fluorescence are described in supporting information, section 1. UV-vis absorption spectral

data of all enamines and enamine-B(C¢F5); adducts are summarized in Tables S1 and S2, and

their actual charts are shown in Figures S45~S65. Since some of the enamines and enamine-

B(C¢Fs); adducts did not exhibit strong emissions (@ < 0.01), fluorescence spectral data for

selected emissive enamines and enamine-B(C¢Fs); adducts are listed in Tables S3 and S4. In

Figures S45~S53 are shown actual charts of UV-vis spectra for non-emissive compounds,

whereas absorption, fluorescence spectral charts as well as the photos are shown in Figures

S54~S65.

Treatment of enamines 4k with various amount of B(C¢Fs); (Figure 6). The reaction

was performed in a nitrogen filled globe-box to avoid the contamination of moisture. Two

solutions were prepared, the enamine 4k (3.0 mg, 0.01 mmol) dissolved in CHCI; (10.0 mL)

(solution A) and B(C¢Fs); (5.1 mg, 0.01 mmol) dissolved in CHCI; (10.0 mL) (solution B).

In a 20 mL vial were added the solution A (0.1 mL) and calculated amount of the solution B

(n x 10! mL for n equivalent toward 4Kk). The mixture was stirred at ambient temperature for

2 h. The resulting solution were diluted into 10> M by CHCIl;, and subjected to the

measurement of UV spectra.
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Treatment of enamines 4g, 4i, 4k and 4m with B(C¢Fs); (Table 8 and Scheme 4). In a

20 mL two-necked flask were placed the enamine 4g, 4i, 4k or 4m (0.01 mmol), CH,Cl, (1.0

mL) and B(C¢F5s); (5.1 mg, 0.01 mmol). The mixture was stirred at ambient temperature for

2 h. After removal of the solvent, the resulting viscous solid was dissolved in six solvents

(hexane, toluene, CHCl;, or CH,Cl,). Each sample (2.0 x 104 ~ 5.0 x 10-° M) was subjected

to the measurement of UV and FL spectra. UV and fluorescence spectra in solid states were

also measured on a quartz dish. The obtained maximum absorption and fluorescence

wavelengths, and their quantum yields were listed in Tables S2 and S4, and their actual

spectra were also summarized in Figures S62~S65 in SI. Due to the equilibrium between the

enamine and its B(C4Fs); adduct, two signals were visible in UV and fluorescence spectra in

hexane, toluene, CHCI;, and CH,Cl,. No adduct signals were visible when THF or DMF was

used as the solvent. The above described viscous solid was dissolved in dehydrated CDCl;

(0.5 mL, 2.0 x 102 M), which was placed in a Pyrex NMR tube, and was subjected to 'H

NMR analysis under inert gas atmosphere. A single signal due to the adduct was visible.

Attempts to obtain analytically pure samples by recrystallization of the viscous solid was so

far unsuccessful due to the equilibrium between the enamine and the adduct.
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'H NMR of 4g-B(C¢Fs); (600 MHz, CDCls, r.t.): 8 5.54 (d, Juy = 12.8 Hz, 1H, CH=CH),

7.14 (d, Jun = 8.6 Hz, 4H, 0-Ph), 7.26 (t, Juy = 8.6 Hz, 2H, p-Ph), 7.33 (d, Juwy = 9.1 Hz,

2H, C¢HyCN), 7.42 (dd, Jipys = 8.6, 8.6 Hz, 4H, m-Ph), 7.64 (d, Jyy = 9.1 Hz, 2H, C¢H,CN),

7.76 (d, Jy.u = 12.8 Hz, 1H, CH=CH). Actual chart is shown in Figure S41.

'H NMR of 4i-B(CFs); (600 MHz, CDCls, r.t.): & 2.58 (s, 3H, COCHj), 5.59 (d, Jyu =

13.7 Hz, 1H, CH=CH), 7.15 (d, Ju.u = 7.8 Hz, 4H, 0-Ph), 7.27 (d, Jun = 9.1 Hz, 2H,

CsH,COCH;), 7.28 (t, Jun = 7.8 Hz, 2H, p-Ph), 7.43 (dd, Jyy = 7.8, 7.8 Hz, 4H, m-Ph), 7.87

(d, Ju.u = 13.7 Hz, 1H, CH=CH), 7.95 (d, Ju.u = 9.1 Hz, 2H, Cc¢H4COCH3;). Actual chart is

shown in Figure S42.

'H NMR of 4k-B(C¢Fs); (400 MHz, CDCl,, .t.): 85.63 (d, Jyyy = 12.8 Hz, 1H, CH=CH),

7.17 (d, Jwn = 8.6 Hz, 4H, 0-Ph), 7.33 (br-d, 1H, C¢H,CHO), 7.32 (d, Jiu = 8.6 Hz, 2H, p-

Ph), 7.37 (br-d, 1H, C¢H,CHO), 7.45 (dd, Jiy = 8.6, 8.6 Hz, 4H, m-Ph), 7.64 (br-d, 1H,

CgH4CHO), 8.01 (d, Jyy = 12.8 Hz, 1H, CH=CH), 8.14 (br-d, 1H, C¢H,CHO), 8.64 (s, 1H,

CHO). Actual chart is shown in Figure S43.

'H NMR of 4m-B(C4Fs); (600 MHz, CDCls, .t.): 8 5.70 (d, Juu = 13.7 Hz, 1H, CH=CH),

7.19 (d, Juy = 8.3 Hz, 4H, 0-Ph), 7.25 (d, Jun = 8.6 Hz, 2H, C¢HNO,), 7.36 (d, Sy = 8.3
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Hz, 2H, p-Ph), 7.48 (dd, Jiy = 8.3, 8.3 Hz, 4H, m-Ph), 8.06 (d, Jy = 13.7 Hz, 1H, CH=CH),

8.09 (d, Ju.g = 8.6 Hz, 2H, CcH,NO,). Actual chart is shown in Figure S44.

DFT calculations. All of the calculations were performed using the Gaussian 09 program

rev. C.3! For optimization, B3LYP3? functional and 6-31G**33 basis set were selected unless

otherwise noted. All stationary point structures were found to have no imaginary frequencies.

For TD-DFT, B3LYP-D?3* functional and 6-311+G**35 basis sets were used unless otherwise

noted. In case of 4e and p-IC4H,4-NPh,, SDD (Stuttgart/Dresden pseudopotentials)3® basis set

was selected for [ atom. Calculated data for all compounds which were not listed in the main

text are described in supporting information, section 2. Calculated energies of HOMO and

LUMO with their energy gaps and simulated excitation wavelengths of S1 transition for

enamines 4, 9-12 and 14, for the corresponding amines p-ZCsH4-NPh, (Z = H, F, Cl, Br, I,

BTD, CN, CO,Me, COMe, CHO, NO,), and for enamine-B(Cg4Fs); adducts 4-B(Cg¢Fs); are

summarized in Tables S5~S7. The results of TD-DFT calculation for enamines 4, 9-12 and

14, and for enamine-B(C¢F5); adducts 4:B(C¢Fs); are summarized in Tables S8 and S9, and

corresponding molecular orbitals are shown in Figures S3 and S4. All cartesian coordinates

(xyz), computed total energies with zero-point energy correction values and thermal

correction values to gibbs free energy are listed in 2-3.
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