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Abstract: We report a photocatalytic oxidation procedure that can
be used to convert benzylamines into their corresponding aldehydes
under mild conditions without over-oxidation, using riboflavin tet-
raacetate as photocatalyst and blue emitting LEDs (440 nm) as light
source. Oxygen is the terminal oxidant and H,O, and NH; appear as
the only byproducts of the oxidation of primary benzylamines. Fur-
thermore, we have developed a photocatalytic protocol for 4-meth-
oxybenzyl (Mob) group deprotection of primary amines and
alcohols. Double bonds, benzyl-protected esters and alcohols are
tolerated under the applied conditions, whereas the deprotection of
protected secondary amines is not applicable. Mob-protected car-
boxylic acids and carboxybenzoyl (Cbz) protected amines are inert
under the photodeprotection conditions.

Key words: flavin, photooxidation, redox chemistry, electron
transfer, benzyl protecting group

Flavins, acting as redox co-factors and photoreceptors, are
ubiquitous in nature, and occur mostly in the form of fla-
vin adenine dinucleotide (FAD) or flavin mononucleotide
(FMN) co-factors.! Besides the application as flavoen-
zyme models for biochemical processes,2 flavins have
been used as organocatalysts in thermal® and
photochemical* oxidation reactions.

Flavin-mediated photooxidation of benzyl alcohols* use
the increased oxidation power of the isoalloxazine chro-
mophore in its oxidized form 1 upon excitation by light.’
Subsequent two-electron reduction and protonation gives
dihydroflavin 2, which is oxidized back to 1 by molecular
air oxygen as the terminal oxidant, yielding hydrogen per-
oxide as sole stoichiometric byproduct (Scheme 1).*

Several methods for the oxidation of amines to their cor-
responding aldehydes have been reported in the literature.
However, the reaction conditions are rather harsh, require
the stoichiometric use of metallic reagents or suffer from
over-oxidation or lack of selectivity towards other func-
tional groups.® The use of air oxygen as stoichiometric 0x-
idant is particularly desirable from an environmental and
economical point of view. Some aerobic catalytic proce-
dures for amine oxidation are available,” but examples of
visible light photocatalysis accelerating or mediating the
process are rare.®

The oxidation of amines by flavin in either its ground or
excited state, has been studied extensively to elucidate the
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mechanism of monoamine oxygenase enzymes and their
inhibition.’ Thermal aerobic oxidation of amines to N-ox-
ides using flavin catalysts has been accomplished,’ but, to
the best of our knowledge, no application of flavin-
mediated photooxidation of amines to aldehydes has been
described so far.

We report the scope and limitations of flavin-mediated
aerobic photooxidation of benzylamines to aldehydes.
The approach is used to cleave benzyl protecting groups
selectively by blue light irradiation. Riboflavin tetraace-
tate (RFT, see Scheme 1)'° is used as a readily available
and nontoxic photocatalyst; blue-light-emitting high-
power LEDs serve as a selective and efficient light source.
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Scheme 1 Catalytic cycle of aerobic flavin-mediated photooxida-
tion of benzyl alcohols or benzylamines [riboflavin: R = CsH;,0,;
riboflavin tetraacetate (RFT): R = C;3H;40q].

Photooxidation of Benzylamines

4-Methoxybenzylamine (3a) was chosen as substrate to
optimize the reaction conditions for the RFT-mediated
photooxidation to 4a. The course of the reactions were
monitored by 'H NMR analysis. Upon irradiation of a so-
lution of benzylamine 3a (c =4-10~> mol/L) in 1 mL of
D,0 (containing 4% of DMSO-d, and 10 mol% of RFT)
with blue light (440 nm, 3 W LED), a decrease in intensity
of the benzylamine resonance signals and the appearance
of the aldehyde 4a resonance signals was observed
(Figure 1, top). Only traces (<5%) of a side product, pre-
sumable the imine 5, could be detected. Without irradia-
tion, only 6% of aldehyde 4a was formed, whereas no
reaction occurred when the solution was irradiated in the
absence of RFT.
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Figure 1 Photooxidation of 3a (4-10~ mmol) to 4a with RFT (10
mol%) in D,O (1 mL, 4% DMSO-d,). Top: Stack plot of 'H NMR
spectra of the aromatic region (perspective view of spectra is used; no
chemically induced shift of resonance signals was observed); bottom:
reaction kinetic as monitored by NMR analysis.

No catalytic turnover was observed when the reaction was
conducted in the absence of air oxygen. These findings
confirm the proposed photocatalytic reaction mechanism.
The quantum yield of the photocatalytic oxidation of 3a
was determined to be 0.023 [2.3%; ¢ =0.01 mol/L in 1
mL of H,O and 1 mL of MeCN, 10 mol% of RFT, blue
light (440 nm) irradiation]. At low catalyst concentrations
(0.1 mol%) and prolonged reaction time (60 min), a min-
imal turnover number (TON) of 910 was determined.
Imine 5 was formed exclusively when the reaction was
performed in anhydrous acetonitrile. To demonstrate the
use of the photocatalytic oxidation on a preparative scale,
1 mmol of 3a was converted into 4a using 1 mol% of
RFT; under these conditions, aldehyde 4a was isolated in
77% yield.

The optimized reaction conditions were then applied to
the photocatalytic conversion of a variety of benzyl-
amines; the results are summarised in Table 1.

The conversion rate of primary benzylamines depends on
the electronic character of the arene: Benzene rings bear-
ing electron-donating substituents lead to fast and com-
plete conversion, while electron-poor arenes decelerate
the photooxidation. This is in accordance with previous
observations on flavin-mediated photooxidation of benzyl
alcohols.*

Secondary amine 3e was photooxidized to aldehyde 4c,
and branched benzylamine 3f was likewise oxidized to the
corresponding ketone, but benzylamine 3g, having a tert-
butyl group on the benzyl position, was converted into al-
dehyde 4a through elimination of the substituent. This ob-
servation allows, in analogy to the photooxidation of 1-(4-
methoxyphenyl)-2,2-dimethylpropan-1-ol,'! the discrimi-
nation between electron-transfer and hydrogen-abstrac-
tion mechanisms for the photooxidation of benzylamines.
Under the applied reaction conditions, we exclusively ob-
serve the electron-transfer pathway. Phenyl glycine meth-
yl ester (3h) was not converted under the reaction
conditions.

Compounds 3i and 3k were investigated for photooxida-
tion as examples of aliphatic, rather than benzylic amines.
Butylamine 3i was not oxidized to butyraldehyde 4i and
rapid bleaching of RFT was observed after four minutes
of irradiation. Butylamine was consumed when the irradi-
ation time was prolonged to 60 minutes and the catalyst
loading enhanced (100 mol% RFT), but no aldehyde for-
mation could be detected by 'H NMR analysis.

Aliphatic amine 3k, which bears an electron-rich aromatic
system, was photooxidized under the standard conditions
to give aldehyde 4a and a small amount of an unidentified
side-product. The RFT photocatalyst bleached rapidly
during the conversion of this substrate and addition of
more RFT (two times 10 mol%) was necessary to com-
plete the reaction.

As an example of a cyclic secondary benzylamine, tet-
rahydroisoquinoline 6 was submitted to the standard pho-
tooxidation conditions. Compound 6 was oxidized to the
corresponding isoquinoline 7 in nearly quantitative yield;
oxidative ring opening was not observed.

Photocatalytic Cleavage of Benzyl Protecting Groups

Benzyl protecting groups are widely used in organic syn-
thesis for the protection of amines, carboxylic acids and
alcohols. For their cleavage, various conditions are used,
e.g., reduction, acetylation or oxidation, depending on the
electron density on the benzyl protecting group.'> Howev-
er, benzyl deprotection in the presence of other functional
groups that are easy to oxidize or reduce, can be difficult.
One option to circumvent these problems is the use of
photochemical methods for removing benzyl protecting
groups.'?

We investigated the use of the flavin-mediated photooxi-
dation of benzylamines described above, to remove ben-
zyl protecting groups under mild conditions to extend the
scope of photocleavage methods.

Several benzyl-protected compounds were submitted to
flavin-mediated photodeprotection on an analytical scale
[c =0.01 mol/L; 10 mol% of RFT in MeCN (0.5 mL) and
H,0 (0.5 mL); LED irradiation]. Each sample was irradi-
ated by two LEDs (440 nm, 3 W) under stirring in capped
sample vials for the time given in Table 2.
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Table 1 Photocatalytic Oxidation of Benzylamines®
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Table 1 Photocatalytic Oxidation of Benzylamines* (continued)

2
R RFT (10 mol%)
R'  air, D,O-DMSO-dj
= “|‘/ (24:1), LED 440 nm /@Ao
_—

e L 10 min 77~

3 4
Amine Product Conversion

(%)°

MeO. MeO
NH SN
P 97k
eO MeO

a Reaction conditions: amine (4-10~3 mmol) in D,0O (1 mL, 4%

DMSO-d), RFT (10 mol%), Irradiation for 10 min at 440 nm (LED).

® Determined by '"H NMR analysis.

¢ Without irradiation.

4 Without catalyst.

¢ RFT 0.1 mol%, reaction time 60 min.

fRFT 30 mol%, 20% DMSO-d;, deoxygenated solution.

¢ Isolated yield, amine (1 mmol), RFT (1 mol%), reaction time 2 h.
" Amine (0.1 mmol), anhydrous MeCN (1 mL).

i Reaction time 4 min.

I RFT 30 mol%, reaction time 15 min.

k24% DMSO-d,.

As expected from the results for the benzylamine oxida-
tions, the unsubstituted benzyl protecting group (Bzl) was
cleaved slower from primary amines than the 4-methoxy-
benzyl (Mob) group: The Mob protecting group was
cleaved within 15 minutes giving only amines 10 and 13,
aldehyde 4a and RFT, as indicated by HPLC (entries 1—
3). Protected prolines 14 and 16 (entries 4 and 5) gave
complex product mixtures upon photocatalytic flavin ox-
idation. In these cases, the deprotected secondary amine
may act as an electron donor for the flavin, yielding un-
wanted amine oxidation side-products. The allylic double
bond was not affected by flavin-mediated photodeprotec-
tion of allyl-amine 17 (entry 6), which was deprotected
without any detectable side-products within 15 minutes.
At pH 3 (adjusted by 0.1 N HCI), Mob-protected nitro-
aniline 19 (entry 7) was deprotected in a clean reaction,
whereas a complex product mixture was obtained in a
H,0-MeCN mixture. This might be the result of over-
oxidation of the product of the deprotection reaction,
aniline (20), as in the case of secondary amines.

The Mob-protected carboxylic acid 21 (entry 8) was part-
ly deprotected under the applied conditions, whereas no
conversion was obtained for the Bzl-protected acid 23
(entry 9).

The protected alcohols 25 and 27 behaved similarly: Only
the Mob group was partly cleaved under photocatalytic
oxidation conditions (entry 10) within 15 minutes, where-
as the Bzl-protecting group showed no reactivity at all.
Mob-protected phenol 29 was deprotected (aldehyde 4a
was detected), but phenol 30 was immediately further ox-
idized to unidentified products under the photooxidative
conditions.
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The carboxybenzoyl (Cbz) protected amines in com-
pounds 31 and 33 were not affected under the reaction
conditions (entries 13 and 14), which should allow the se-
lective deprotection of benzyl-protected amines in the
presence of a Cbz-protected amine.

Sodium dibenzyl phosphonate 35 (entry 16) did not react
under the applied reaction conditions. The solvent mixture
of water and acetonitrile used for the deprotection reaction
is of importance because no deprotection of the com-
pounds shown in entries 2, 8 and 10 was observed using
acetonitrile without addition of water. No reactions were
observed when solutions of compounds 11 and 25 were ir-
radiated in the absence of RFT or when the samples were
stirred in the dark in the presence of 10 mol% RFT at pH

Table 2 Photocatalytic Deprotection of Benzyl Compounds®

3. The presence of RFT and blue light irradiation is there-
fore essential for the benzyl photodeprotection.

Compounds 11 and 25 were photodeprotected on a 1
mmol scale (entries 2 and 10). For ease of purification,
only 1 mol% of RFT was used as photocatalyst and the re-
actions were performed under acidic conditions (pH 3 ad-
justed with 0.1 N HCI)!* in 250 mL Erlenmeyer flasks
under irradiation with 12 LEDs (3 W each).!* The hydro-
chloride salt of phenylalanine methyl ester was isolated by
extraction and crystallization in 90% yield after 60 min-
utes irradiation of compound 11. The deprotected alcohol
26 was isolated in 65% yield via column chromatography
after 60 minutes of irradiation. All analytical data, includ-
ing optical rotation of phenylalanine methyl ester hydro-

Entry Benzyl-protected Product Conversion Time Entry Starting material Product Conversion Time
compound (%)° (min) (%)° (min)
COOMe COOMe COOBzI COOH
Ph -
! e P 81 o0 o PY P 0 30
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9 10 23 24
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Ph/\r P \‘/ 91 Ph/Y\OMob Ph/Y\OH 45
2 15 10 30
Mob/NH NH, 90¢ NHBoc NHBoc 65°
1 10 25 26
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Ph OBzl Ph OH
3 \‘/ Y 99 15 11 /\‘/\ /Y\ 0 30
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& O\ OMob OH
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14 15 29 30
o (o Cemen
5 '}‘ N COOMe mixture? 15 13 N COOBzI N COOBzI 60
Bzl H | N
16 15 Cbz -
31
COOMe HO COOMe
6 A NAMeb AN 99 15 14 MO I 0 60
NHCbz 2
17 18
33 34
O
NHMob N I o
7 P 98° 30 15  Bz0”| OBz 820" 1~0H 0 240
ON ON O Nat OH
19 20 35 36a
O
COOM H
on ob -~ COO 0
8 9 30 HO/lT\OH
NHBoc NHBoc M
21 22 36b

* Reaction conditions: substrate (0.01 mmol) in H,O (0.5 mL) and MeCN (0.5 mL), RFT (10 mol%), irradiation at 440 nm with two LEDs
(3 W each) for the time indicated.
b Calculated from crude HPLC data of reaction mixtures.
¢ Isolated yield. Substrate (1.0 mmol), RFT (1 mol%), pH 3 adjusted with 0.1 N HCI, reaction time 60 min.
4 Starting material was consumed.
¢ pH 3 adjusted with 0.1 N HCI.
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chloride and alcohol 26, were consistent with the
analytical data of authentic samples.

In conclusion, photocatalytic oxidation of benzylamines
to their corresponding aldehydes under mild conditions
without over-oxidation has been accomplished using RFT
as photocatalyst. The use of LEDs emitting in the visible
region at 440 nm as light source for RFT excitation avoids
undesired non-sensitized photo processes. Oxygen is em-
ployed as the terminal oxidant and H,0, and NH; appear
as sole side-products of the oxidation of primary benzyl-
amines. The protocol is limited to benzylic amines bear-
ing an electron-rich arene group.

Furthermore, we have developed a photocatalytic proto-
col for Mob group deprotection of primary amines and al-
cohols. Double bonds, benzyl-protected esters and
alcohols are tolerated under the applied conditions. Mob
esters react much slower and Cbz-protected amines and
benzyl phosphate esters are inert under the photodeprotec-
tion conditions. The deprotection of protected secondary
amines is not applicable, presumable due to the oxidation
of the electron-rich secondary amines by excited RFT.

The reported procedures are easy to perform and robust on
a laboratory scale. The photocatalyst and the light sources
are readily available and the application limits of the pro-
cess are well defined, which facilitate their use in organic
synthesis.

Tetraacetyl riboflavin,' N-propyl-4-methoxybenzylamine (3e),'
2-(4-methoxyphenyl)ethanamine (3k),' Bzl-Phe-OMe (9), Mob-
Phe-OMe (11), Mob-Ala-OMe (12),!7 Mob-Pro-OMe (14),'® Bzl-
Pro-OMe (16),'° Boc-Phe-OMob (21),2° Boc-Phe-OBzl (23),?! tert-
butyl 1-(benzyloxy)-3-phenylpropan-2-ylcarbamate (27),%> and
Cbz-(OH)-Pro-OBzl (31),2 were prepared as previously reported.
All other chemicals were purchased from commercial suppliers and
used as received. Anhydrous DMF was purchased from Fluka. TLC
was performed on silica gel 60 F254 aluminium sheets (Merck),
with detection under 254 nm or 333 nm UV light. Flash column
chromatography was carried out on silica gel (0.035-0.070 mm, 60
A), obtained from Acros. NMR spectra were recorded with a Bruker
spectrometer operating at 300 MHz (‘H NMR) or 75 MHz (13C
NMR) with TMS as the external standard. Electron-impact (EI) and
chemical ionization (CI) mass spectra were recorded with a Finni-
gan TSQ 710 spectrometer. Electrospray ionization (ES) mass spec-
tra were recorded with a ThermoQuest Finnigan MAT 9595
spectrometer. IR spectra were recorded with a Biorad Spectrometer
Excalibur FTS 3000. Optical rotation was recorded with a Perkin—
Elmer 241 Polarimeter. Melting points were determined with a
Lambda Photometrics OptiMelt MPA 100. Luxeon high power roy-
al blue LEDs [3 W, irradiation maximum 440 nm (+/— 10 nm)] were
used as light sources. Petroleum ether (PE), where used, had a boil-
ing range of 60-80 °C.

Photooxidation of Benzyl Amines on an Analytical Scale; Gen-
eral Procedure

Reaction mixtures of the amine (4-10~ mmol) and RFT (10 mol%)
in D,O (1 mL) containing 4% DMSO-d,; were irradiated by one
LED (3 W; 440 nm) in capped sample vials. The course of the reac-
tion was monitored by '"H NMR analysis.

Synthesis 2010, No. 10, 1712-1718 © Thieme Stuttgart - New York

Benzylamine Photooxidation on 1 mmol Scale; Typical Proce-
dure

4-Methoxybenzylamine (3a; 1.0 mmol) and RFT (0.01 mmol) were
dissolved in MeCN-H,O (4 mL/96 mL). The mixture was irradiated
at 440 nm with 12 LEDs (3 W each) in a 250-mL Erlenmeyer flask,
open to air, for 2 h. The pH was adjusted to 1 by addition of 1 N HCl
and the product was extracted into Et,0. The organic layer was
dried over MgSO,, concentrated and the residue was taken up in PE
and filtered. Concentration of the filtrate gave aldehyde 4a as a co-
lourless oil (105 mg, 0.77 mmol, 77%).

Benzylamine Photodeprotection Reaction on an Analytical
Scale; General Procedure

A reaction mixture containing the benzyl-protected compound
(0.01 mmol) and RFT (10 mol%) in MeCN (0.5 mL) and H,O (0.5
mL) was irradiated at 440 nm with two LEDs (3 W each) in a
capped sample vial under air. When anaerobic or anhydrous condi-
tions were used for comparison, the reaction mixtures were irradiat-
ed under inert atmosphere in sample vials capped with septa or vials
mounted with CaCl,-filled syringes. Degassing of solutions was
achieved by three freeze-pump-thaw cycles.

Photodeprotection Reaction on 1 mmol Scale; General Proce-
dure

A reaction mixture containing the benzyl-protected amine (1.0
mmol) and RFT (1 mol%) in MeCN (50 mL) and H,O (50 mL) at
pH 3 (adjusted by 0.1 N HCI), was irradiated at 440 nm with 12
LEDs (3 W each) in a 250 mL Erlenmeyer flask open to air. The
conversion was monitored by TLC until completion of the reaction.
MeCN was removed in vaccuo and the residue was washed with
Et,0. Concentration of the aqueous layer by lyophilization gave the
crude product, which was crystallized from acetone-Et,O in the
case of the hydrochloride salt of phenylalanine methyl ester, or pu-
rified over silica (PE-EtOAc) in the case of compound 26.

1-(4-Methoxyphenyl)-2,2-dimethylpropan-1-one**

Anisole (2.16 g, 20 mmol) and pivaloyl chloride (1.21 g, 10 mmol)
were dissolved in toluene (6 mL) and AICl; (1.33 g, 20 mmol) was
added. The mixture was stirred at 70 °C for 20 min, cooled and 1 N
HCl was added. The product was extracted into PE (3 x 10 mL), the
organic layer was washed with sat. NaHCO; (30 mL) and dried over
MgSO,. Removal of the solvent and Kugelrohr distillation (160 °C/
0.99 mbar) gave the title compound.

Yield: 1.56 g (81%); colourless oil.

'H NMR (300 MHz, CDCL,): & = 7.85 (d, J = 9.06 Hz, 2 H, ArH),
6.90 (d, J=9.06 Hz, 2 H, ArH), 3.85 (s, 3 H, CH,), 1.37 (s, 9 H,
CH,).

13C NMR (75 MHz, CDCL): § = 206.3 (g, 1 x C), 162.0 (q, 1 x C),
131.0 (+,2% C), 130.1 (q, 1 X C), 113.2 (+,2 X C), 55.4 (+, 1 x C),
439 (g, 1xC), 284 (+,3%C).

MS (ED): m/z (%) = 192.1 (4) [M]*, 135.0 (100).

1-(4-Methoxyphenyl)-2,2-dimethylpropan-1-amine (3g)
1-(4-Methoxyphenyl)-2,2-dimethylpropan-1-one (580 mg, 3.0
mmol) was dissolved in formamide (6 mL) and formic acid (3 mL)
and the mixture was heated at reflux for 2 h. H,O (20 mL) and Et,0
(20 mL) were added, and the organic layer was separated and
washed with brine (30 mL), dried over MgSO, and the solvent was
removed. The residue was dissolved in 1 N HCI (15 mL) and the
mixture was heated at reflux for 1 h. The mixture was diluted with
H,0 (50 mL) and a pH >10 was set by the addition of solid NaOH.
The product was extracted into Et,O (3 x 15 mL), the organic layer
was dried over MgSO, and the solvent was removed to yield the title
compound that solidified upon cooling.
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PAPER

Benzylamine Oxidation by Flavin Photocatalysis 1717

Yield: 480 mg (83%); pale-yellow oil; mp 4445 °C; R,=0.2
(CHCI;-MeOH, 9:1).

IR (ATR): 3374, 3011, 2957, 2867, 1612, 1584, 1515, 1247, 1192,
1032, 818 cm™.

'H NMR (300 MHz, CDCL,): § =7.21 (d, J = 8.78 Hz, 2 H, ArH),
6.83 (d, J=8.78 Hz, 2 H, ArH), 3.80 (s, 3 H, CH,), 3.67 (s, 1 H,
CH), 1.74 (br's, 2 H, NH,), 0.89 (s, 9 H, CH,).

13C NMR (75 MHz, CDCl,): § = 158.4 (q, 1 x C), 135.7 (q, 1 X C),
1292 (+,2xC), 1129 (+,2x C), 64.7 (+,1 X C), 552 (+, 1 x C),
35.1(q, 1 xC),26.8 (+, 1 xC),26.5(+,1xC),264 (+, 1 xC).

MS (CIL, NH;): m/z (%) = 194.2 (17) [M + HJ*, 177.1 (100).

N-(4-Methoxybenzyl)prop-2-en-1-amine (17)%

Allylamine (428 mg, 7.5 mmol) and 4-methoxybenzaldehyde (4a;
1.36 g, 10 mmol) were dissolved in EtOH (15 mL) and the solution
was stirred at r.t. for 18 h. NaBH, (709 mg, 18.7 mmol) was added
and the mixture was stirred until gas evolution had ceased. H;PO,
(0.5 N, 10 mL) was added and the mixture was further stirred until
gas evolution had ceased. The product was extracted into CH,Cl,
(3 x 10 mL), dried over MgSO, and the solvent was removed. The
residue was purified by Kugelrohr distillation (125 °C/0.12 mbar)
to yield the title compound.

Colourless oil.

'H NMR (300 MHz, CDCL,): § =7.25 (d, J = 8.76 Hz, 2 H, ArH),
6.88 (d, J = 8.76 Hz, 2 H, ArH), 5.98-5.86 (m, 1 H, CH), 5.22-5.15
(m, 1 H, CH,), 5.13-5.08 (m, 1 H, CH,), 3.79 (s, 3 H, CH3), 3.73 (s,
2 H, CH,), 3.27 (d, J = 6.03 Hz, 2 H, CH,), 1.44 (br s, 1 H, NH).

13C NMR (75 MHz, CDCL,): § = 158.6 (g, 1 x C), 136.9 (+, 1 x C),
132.4 (g, 1 X C), 129.4 (+,2x C), 116 (-, 1 x C), 113.8 (+,2x C),
553 (+, 1 X C), 52.7 (=, 1 xC), 51.7 (=, 1 x C).

MS (CI, NH;): m/z (%) = 178.1 (100) [M + H]*.

N-(4-Methoxybenzyl)-4-nitrobenzenamine (19)%*

4-Nitroaniline (1.04 g, 7.5 mmol) and 4-methoxybenzaldehyde (4a;
1.02 g, 7.5 mmol) were dissolved in MeOH (15 mL) and the solu-
tion was stirred at r.t. for 18 h. NaBH, (709 mg, 18.75 mmol) was
added and the mixture was stirred until gas evolution had ceased.
H,0 (30 mL) was added to the mixture and the product was extract-
ed into EtOAc (3 X 10 mL). The organic layer was washed with 1 N
HCI (20 mL), sat. NaHCOj; (20 mL), dried over MgSO, and the sol-
vent was removed. Purification over silica (CHCl;) gave the title
compound.

Yellow solid.

'H NMR (300 MHz, CDCL,): § = 8.08 (d, J = 9.33 Hz, 2 H, ArH),
7.26 (d, J=8.78 Hz, 2 H, ArH), 6.90 (d, J = 8.78 Hz, 2 H, ArH),
6.56 (d, J=9.33Hz, 2 H, ArH), 4.83 (br s, 1 H, NH), 4.35 (d,
J=5.49 Hz, 2 H, CH,), 3.81 (s, 3 H, CH,).

13C NMR (75 MHz, CDCL,): § = 159.3 (g, 1 X C), 153.1 (q, 1 x C),
138.2(q, 1 X C), 129.3 (q, 1 X C), 128.8 (+, 2x C), 126.4 (+,2 x C),
1143 (+,2x C), 11.3 (+,2 X C), 55.4 (+, 1 x C), 47.2 (=, 1 x C).

MS (CL NH,): m/z (%) = 276.2 (100) [M + NH,]*, 259.2 (14) [M +
HI*.

tert-Butyl 1-(4-Methoxybenzyloxy)-3-phenylpropan-2-ylcar-
bamate (25)*’

Boc-phenylalaninol (1.5 g, 6.0 mmol) was dissolved in anhydrous
DMF (12 mL) under a nitrogen atmosphere. The solution was
cooled to 0 °C and NaH (60%, 552 mg, 13.8 mmol) was added por-
tion-wise. The mixture was stirred for 60 min at 0 °C and 4-meth-
oxybenzyl bromide (1.33 g, 6.6 mmol) was added. The mixture was
allowed to warm to r.t. and stirred for an additional 18 h. The reac-

tion was quenched with sat. NH,CI (20 mL) and H,O (20 mL) was
added. The product was extracted into Et,0 (3 x 15 mL), and the or-
ganic layer was washed with brine (20 mL), dried over MgSO, and
concentrated. Purification over silica (PE-EtOAc) gave the title
compound.

Yield: 1.44 g (3.86 mmol, 64%); colourless solid.

'H NMR (300 MHz, CDCl,): § =7.27 (d, J = 8.51 Hz, 2 H, ArH),
7.25-7.15 (m, 5 H, ArH), 6.90 (d, J=8.51 Hz, 2 H, ArH), 4.93—
487 (m, 1H), 448 (d, J=11.52Hz, 1H, CH,), 439 (,
J=11.52Hz, 1 H, CH,), 3.93 (br s, 1 H), 3.82 (s, 3 H, CH,), 3.40—
3.31 (m, 2 H, CH,), 2.94-2.80 (m, 2 H, CH,), 1.42 (s, 9 H, CH,).

13C NMR (75 MHz, CDCl,): § = 159.3 (q, 1 X C), 155.4 (q, 1 x C),
138.3(q, 1 xC), 130.2(q, 1 xC), 129.5 (+,2 % C), 129.5 (+,2 % C),
1284 (+,2 % C), 126.3 (+,2 % C),79.3(q, 1 X C), 72.9 (-, I x C),
69.7 (-, 1xC),55.3 (+,1xC),51.7 (+, 1 xC),37.9 (-, 1 xC), 28.4
+,3x0C).

MS (ESI): m/z (%) = 372.0 (100) [M + HJ*.

1-Methoxy-4-(phenoxymethyl)benzene (29)*

4-Methoxybenzyl chloride (320 mg, 2.05 mmol) was added to a
mixture of phenol (565 mg, 6.0 mmol) and K,CO; (1000 mg) in an-
hydrous acetone (10 mL) under nitrogen. The mixture was heated at
reflux for 18 h, cooled and filtered. After removing the solvent, the
crude product was purified over silica to yield the title compound.

Yield: 360 mg (1.98 mmol, 82%); colourless solid.

'H NMR (300 MHz, CDCL,): § =7.38 (d, J = 8.78 Hz, 2 H, ArH),
7.33-7.27 (m, 2H, ArH), 7.00-6.97 (m, 3 H, ArH), 6.93 (d,
J=8.78 Hz, 2 H, ArH), 5.00 (s, 2 H, CH,), 3.83 (s, 3 H, CH,).

3C NMR (75 MHz, CDCl3): § = 159.5 (q, 1 xC), 158.9 (g, 1 X C),
129.5 (+,2xC), 129.3 (+,2xC), 129.1 (q, 1 X C), 120.9 (+, 1 x C),
1149 (+,2%xC), 114.0 (+,2xC), 69.7 (-, 1 xC), 55.3 (+, 1 x C).

MS (EI): m/z (%) = 214.1 (2) [M]*, 121.1 (100).

Acknowledgment

We thank the Deutsche Forschungsgemeinschaft (GRK 1626), the
Fonds der Chemischen Industrie and the University of Regensburg
for support of our research.

References

(1) (a) Massey, V. Biochem. Soc. Trans. 2000, 28, 283.
(b) Gishla, S.; Massey, V. Eur. J. Biochem. 1989, 181, 1.
(c) Hemmerich, P. Chem. Org. Nat. Prod. 1976, 33, 451.

(2) (a)Jordan, B. J.; Cooke, C.; Garety, J. F.; Pollier, M. A.;
Kryvokhyzha, N.; Bayir, A.; Rabani, G.; Rotello, V. M.
Chem. Commun. 2007, 1248. (b) Carroll, J. B.; Jordan, B.J.;
Xu, H.; Erdogan, B.; Lee, L.; Cheng, L.; Tiernan, C.; Cooke,
G.; Rotello, V. M. Org. Lett. 2005, 7, 2551. (c) Gray, M.;
Goodmann, A. J.; Carroll, J. B.; Bardon, K.; Markey, M.;
Cooke, G.; Rotello, V. M. Org. Lett. 2004, 6, 385.
(d) Butterfield, S. M.; Goodman, C. M.; Rotello, V. M.;
Waters, M. L. Angew. Chem. Int. Ed. 2004, 43, 724.
(e) Guo, F.; Chang, B. H.; Rizzo, C. J. Bioorg. Med. Chem.
Lett. 2002, 12, 151. (f) Behrens, C.; Ober, M.; Carell, T.
Eur. J. Org. Chem. 2002, 3281. (g) Butenandt, J.; Epple, R.;
Wallenborn, E.-U.; Eker, A. P. M.; Gramlich, V.; Carell, T.
Chem. Eur. J. 2000, 6, 62. (h) Rotello, V. M. Curr. Opin.
Chem. Biol. 1999, 3, 747. (i) Deans, R.; Rotello, V. M.
J. Org. Chem. 1997, 62, 4528. (j) Breinlinger, E.; Niemz,
A.; Rotello, V. M. J. Am. Chem. Soc. 1995, 117, 5379.

Synthesis 2010, No. 10, 1712-1718 © Thieme Stuttgart - New York

Downloaded by: University of Pittsburgh. Copyrighted material.



1718

R. Lechner, B. Konig

PAPER

3

C)

&)

(©)

O]

®)

(a) Piera, J.; Biackvall, J.-E. Angew. Chem. Int. Ed. 2008, 47,
3506; Angew. Chem. 2008, 120, 3558. (b) Baxova, L. B.;
Cibulka, R.; Hampl, F. J. Mol. Catal. A: Chem. 2007, 277,
53. (c) Lindén, A. A.; Johansson, M.; Hermanns, N.;
Béckvall, J.-E. J. Org. Chem. 2006, 71, 3849. (d) Imada,
Y.; Iida, H.; Ono, S.; Masui, Y.; Murahashi, S.-I1. Chem.
Asian J. 2006, 1-2, 136. (e) Lindén, A. A.; Hermanns, N.;
Ott, S.; Kriiger, L.; Backvall, J.-E. Chem. Eur. J. 2005, 11,
112. (f) Imada, Y.; lida, H.; Murahashi, S.-1.; Naota, T.
Angew. Chem. Int. Ed. 2005, 44, 1704; Angew. Chem. 2005,
117, 1732. (g) Imada, Y ; lida, H.; Ono, S.; Murahashi, S.-I.
J. Am. Chem. Soc. 2003, 125, 2868. (h) Murahashi, S.-1.;
Ono, S.; Imada, Y. Angew. Chem. Int. Ed. 2002, 41, 2366,
Angew. Chem. 2002, 114, 2472. (i) Bergstad, K.; Bickvall,
J.-E. J. Org. Chem. 1998, 63, 6650. (j) Mazzini, C.;
Lebreton, J.; Furstoss, R. J. Org. Chem. 1996, 61, 8.

(k) Murahashi, S.-1.; Oda, T.; Masui, Y. J. Am. Chem. Soc.
1989, 111, 5002. (1) Shinkai, S.; Ishikawa, Y .-I.; Manabe, O.
Chem. Lett. 1982, 11, 809. (m) Ball, S.; Bruice, T. C. J. Am.
Chem. Soc. 1980, 102, 6498.

(a) Schmaderer, H.; Hilgers, P.; Lechner, R.; Konig, B. Adv.
Synth. Catal. 2009, 351, 163. (b) Svoboda, J.; Schmaderer,
H.; Konig, B. Chem. Eur. J. 2008, 14, 1854. (c) Massad, W.
A.; Barbieri, Y.; Romero, M.; Garcia, N. A. Photochem.
Photobiol. 2008, 84, 1201. (d) Cibulka, R.; Vasold, R.;
Konig, B. Chem. Eur. J. 2004, 10, 6223. (e) Lu, O.; Bucher,
G.; Sander, W. ChemPhysChem 2004, 5, 47. (f) Martin, C.
B.; Tsao, M.-L.; Hadad, C. M.; Platz, M. S. J. Am. Chem.
Soc. 2002, 124, 7226. (g) Fukuzumi, S.; Yasui, K.;
Suenobu, T.; Ohkubo, K.; Fujitsuka, M.; Ito, O. J. Phys.
Chem. A 2001, 105, 10501. (h) Silva, E.; Edwards, A. M.;
Pacheco, D. J. Nutr. Biochem. 1999, 10, 181. (i) Garcia, J.;
Silva, E. J. Nutr. Biochem. 1997, 8, 341. (j) Tatsumi, K.;
Ichikawa, H.; Wada, S. J. Contam. Hydrol. 1992, 9, 207.
(k) Fukuzumi, S.; Tanii, K.; Tanaka, T. J. Chem. Soc., Chem.
Commun. 1989, 816.

(a) Mansoorabadi, S. O.; Thibodeaux, C. J.; Liu, H. J. Org.
Chem. 2007, 72, 6329. (b) Chemistry and Biochemistry of
Flavoenzymes; Miiller, F., Ed.; CRC: Boca Raton, 1991.
(c) Fritz, B. J.; Kasai, S.; Matsui, K. Photochem. Photobiol.
1987, 45, 113. (d) Bowd, A.; Byrom, P.; Hudson, J. B.;
Turnbull, J. H. Photochem. Photobiol. 1968, 8, 1.

(e) Konig, B.; Pelka, M.; Zieg, H.; Ritter, T.; Bouas-Laurent,
H.; Bonneau, R.; Desvergne, J.-P. J. Am. Chem. Soc. 1999,
121, 1681. (f) Kercher, M.; Konig, B.; Zieg, H.; De Cola, L.
J. Am. Chem. Soc. 2002, 124, 11541.

(a) Haines, A. H. Methods for the oxidation of organic
compounds; Academic Press: London, 1988. (b) Rawalay,
S. S.; Schechter, H. J. Org. Chem. 1967, 32, 3129.

(c) Audette, R. J.; Quail, J. W.; Smith, P. J. Tetrahedron Lett.
1971, 3, 279. (d) Stephens, F. F.; Bower, J. D. J. Chem. Soc.
1949, 2971.

(a) Srogl, R. J.; Voltrova, S. Org. Lett. 2009, 11, 843.

(b) Suzuki, K.; Watanabe, T.; Murahashi, S.-1. Angew.
Chem. Int. Ed. 2008, 47, 2079. (c) Samec, J. S. M; Ell, A.
H.; Bickvall, J.-E. Chem. Eur. J. 2005, 11, 2327.

(d) Bailey, A. J.; James, B. R. Chem. Commun. 1996, 2343.
(e) Murahashi, S.-1. Angew. Chem. Int. Ed. Engl. 1995, 34,
2443; Angew. Chem. 1995, 107, 2670. (f) Neumann, R.;
Levin, M. J. Org. Chem. 1991, 56, 5707.

(a) Jiang, G.; Chen, J.; Huang, J.-S.; Che, C.-M. Org. Lett.
2009, 11, 4568. (b) Iesce, M. R.; Cermola, F.; Rubino, M.
Curr. Org. Chem. 2007, 11, 1053. (c) Matsumoto, M.;
Kitano, Y.; Kobayashi, H.; Ikawa, H. Tetrahedron Lett.

Synthesis 2010, No. 10, 1712-1718 © Thieme Stuttgart - New York

®

10)
an

12)

13)

(14)

5)

16)

an

18)

19)

(20)

@n
(22)

(23)

24
(25)

(26)
@n

(28)

1996, 37, 8191. (d) Ohkubo, K.; Nanjo, T.; Fukuzumi, S.
Bull. Chem. Soc. Jpn. 2006, 79, 1489. (e) Nicolas, C.;
Herse, C.; Lacour, J. Tetrahedron Lett. 2005, 46, 4605.

(f) Baciocchi, E.; Del Giacco, T.; Lapi, A. Org. Lett. 2004,
6,4791. (g) Naya, S.-L.; Iida, Y.; Nitta, M. Tetrahedron
2004, 60, 459.

(a) Fitzpatrick, P. F. Arch. Biochem. Biophys. 2010, 1, 13.
(b) Rigby, S. E.; Basran, J.; Combe, J. P.; Mohsen, A. W_;
Toogood, H.; van Thiel, A.; Sutcliffe, M. J.; Leys, D.;
Munro, A. W.; Scrutton, N. S. Biochem. Soc. Trans. 2005,
33,754. (c) Hoegy, S. E.; Mariano, P. S. Tetrahedron 1997,
53,5027. (d) Kim, J. M.; Bogdan, M. A.; Mariano, P. S.

J. Am. Chem. Soc. 1993, 115, 10591. (e) Kim, J.-M.; Cho,
L.-S.; Mariano, P. S. J. Org. Chem. 1991, 56, 4943. (f) Kim,
J. M.; Bogdan, M. A.; Mariano, P. S. J. Am. Chem. Soc.
1991, 113, 9251. (g) Simpson, J. T.; Krantz, A.; Lewis, F.
D.; Kokel, B. J. Am. Chem. Soc. 1982, 104, 7155.
McCormick, D. B. J. Heterocycl. Chem. 1970, 7, 447.

(a) Baiocco, P.; Barreca, A. M.; Fabbrini, M.; Galli, C.;
Gentili, P. Org. Biomol. Chem. 2003, 1, 191. (b) Fabbrini,
M.; Galli, C.; Gentili, P. J. Mol. Catal. B: Enzymol. 2002, 18,
169. (c) Baciocchi, E.; Belvedere, S.; Bietti, M.;
Lanzalunga, O. Eur. J. Org. Chem. 1998, 299. (d) Bietti,
M.; Baciocchi, E.; Steenken, S. J. Phys. Chem. A 1998, 102,
7337.

Green, T. W.; Wuts, P. G. M. Greene’s Protective Groups in
Organic Synthesis, 4th ed.; Wiley-Interscience: New York,
2006.

It was shown in individual experiments that the
photostability of RFT was enhanced under acidic conditions.
The increased stability of RFT may result from protonation
of the substrate, protonation of deprotected products or
protonation of RFT in the excited state.

The distance between the reaction flask and the LED array
was about 1 cm. The reaction mixture was heated by the
intense irradiation to about 40 °C.

Orito, K.; Horibata, A.; Nakamura, T.; Ushito, H.; Nagasaki,
H.; Yuguchi, M.; Yamashita, S.; Tokuda, M. J. Am. Chem.
Soc. 2004, 126, 14342,

Ding, H. X.; Lu, W.; Zhou, C. X.; Li, H. B.; Yang, L. X;
Zhang, Q. J.; Wu, X. M.; Baudoin, O.; Cai, J. C.; Gueritte,
F.; Zhao, Y. Chin. Chem. Lett. 2005, 16, 1279.

Gil, C.; Braese, S. Chem. Eur. J. 2005, 11, 2680.

Lee, O.-L.; Law, K.-L.; Ho, C.-Y.; Yang, D. J. Org. Chem.
2008, 73, 8829.

Sibi, M. P.; Zhang, R.; Manyem, S. J. Am. Chem. Soc. 2003,
125, 9306.

Zeggaf, C.; Ponce, J.; Journ, P.; Dufour, M.-N.; Castro, B.
Tetrahedron 1989, 45, 5039.

Dhaon, M. K.; Olsen, R. K.; Ramasamy, K. J. Org. Chem.
1982, 47, 1962.

Konda, Y.; Takahashi, Y.; Arima, S.; Sato, N.; Takeda, K.;
Dobashi, K.; Baba, M.; Harigaya, Y. Tetrahedron 2001, 57,
4311.

Tamaki, M.; Han, G.; Hruby, V. J. J. Org. Chem. 2001, 66,
38.

Newsoroff, G. P.; Stemhell, S. Aust. J. Chem. 1968, 21, 747.
Tehrani, K. A.; Van, T. N.; Karikomi, M.; Rottiers, M.;

De Kimpe, N. Tetrahedron 2002, 58, 7145.

Apodaca, R.; Xiao, W. Org. Lett. 2001, 3, 1745.

Sharma, G. V. M.; Reddy, C. G.; Krishna, P. R. J. Org.
Chem. 2003, 68, 4574.

Penn, J. H.; Lin, Z. J. Org. Chem. 1990, 55, 1554.

Downloaded by: University of Pittsburgh. Copyrighted material.



