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Ahstraet: The Refommtsky reagent tert-butoxycarhonylmethylzinc bromide adds in high yields to IV-sulfonylimines, 
e.g. la-ld, derived by condensation of benzaldehyde dimethyl acetaf with methanesulfonamide, toluene-4- 
sulfonamide, 4-(methoxywrbonyl)benxenesulfonamide and sulfamide: the products are protected @unitto acids 2a-2d. 
AWeprotection occurs reductively (Na-naphthalene; low yields) for 2b and 2c or hydrolytically (refluxing ag. 
pyridine; 76% yield of amino acid 3~ after acid hydrolysis of the t-butyl ester) for the sulfamide derivatives 2d. 
Anthmcene-9-sulfonamide (6) is readily available by sulfonation and chlorination of anthracene, and condenses with 
aldehydes IWHO; R = Ph. 4-PCeH4. 4-MeOCeH4. 4-NCCaH4, L-f@, (E)-styryl], e.g. in the presence of 
TiCL+/l+N. to yield imines ‘la-7f, which after addition of ren-butoxycarbonylmethylxinc bromide give protected 
amino acids 801; however. 81 cyclixes to the sultam 9 via a spontaneous intramole.cular Diils-Alder reaction. 
Reductive cleavage of the N-anthracene-9-sulfonyl gtoup is much easier than for traditional N-sulfonyl protecting 
groups, as demonstrated by the &protection of 8s and Se using ahrminium amalgam. 

Introduction 
The addition of organometallic reagent8 to imines offers a route to the enantioselective synthesis of j3- 

amino acids, B-lactams and other biologically important compounds, but is much less well explored than the 

corresponding addition reactions of aldehydes and ketones. The difficulties that have to be overcome stem 
from the low electrophilicity of unactivated imines, combined with the tendency of imines with a-hydrogen to 

deprotonate and to form enamines. 
N-Arylimines are somewhat more electrophilic than their N-alkyl counterparts and react efficiently with 

such mild carbon nucleophiles as Reformat&y reagents. 1 If the aryl group is 4-methoxyphenyl then it may be 
cleaved oxidatively, e.g. using cerium (IV) ammonium nitrate (CAN), but it should be noted that this process 
generates highly reactive quinonoid intermediates which sometimes undergo side reactions.2 Krzyzanowska 
has reported that ZnBrCH2CO2Et adds to N-benzylidenediphenylphosphinamide (39 8 yield);3 although 
removal of the diphenylphosphinyl group was not attempted, it is reasonable to suppose that this would occur 
readily under acidic conditions.4 

Reformatsky reactions of N-sulfonylimines have not previously been reported. However, the reactions 
of other carbon nucleophiles with such imines have been demonstrated, for example in the addition of the 
lactam enolate of a pyroglutamic acid derivative to IV-benzylidenetoluene-4-sulfonamide,5 in the Lewis acid- 
mediated reaction between N-(toluene-4-sulfonyl)imines and ketene silyl acetals.6 and in the synthesis of 
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protected u-amino acids by the reaction of N-mesitylenesulfonylimines with organolithium reagents.7 It is 

notable that in none of the above examples5-7 do the authors indicate how the N-arylsulfonyl activating groups 
might be removed when no longer required. Harsh conditions are normally needed for such deprotections, 
e.g. reduction with sodium naphthalenidel or heating with concentrated I-IBr.9 

We now discuss the reaction of ZnBrCH2C02t-Bu with a range of N-sulfonylimines and describe our 
search for an activating group which may easily be removed when required. 

Results and Discussion 
Preliminary investigations were conducted using imines derived from benzaldehyde. The 

sulfonylimines la-c were obtained by heating benzaldehyde dimethyl acetal with methanesulfonamide, 4- 

toluenesulfonamide and 4-(methoxycarbonyl)benzenesulfonamide respectively, according to the method of 
Kresze.10 We also prepared the dibenzylidenesulfamide Id which had been reported by Davis11 to undergo 
addition of Grignard and organolithium reagents to yield N,iV-disubstituted sulfamides. 

All the above four N-benzylidenesulfonamides la-d reacted with BrZnCH2C02t-Bu (Scheme 1 and 
Table 1) to give the corresponding protected 3-amino-3-phenylpropanoate esters 2a-d; in the case of the 
diimine Id the bis addition products 2d were obtained in 86% yield as an inseparable, cu 1:l mixture of the 
racemic and meso- diastereomers. 

PhANS02R 

la-d 

a R=Me 
b R - 4-Me&H4 
c R = 4-MeO$xsH4 
d R=N=CHPh 

4-B” 2 

(ii) Hz0 

t-Bu02C 

Ph 1 NHSOPR 

2a-c 

1 H02C\ 

A Ph NH2 

3a 

Scheme 1. Addition of BrZnCHrCOst-Bu to benzaldimines other than 7a (which is included in Scheme 2). 

Table 1. Outcome of reactions depicted in Scheme 1. 

Ew 

1 
3 
4 

Imine 

:“b 

Yield 
1 to2 

79 
8 
86 

Deprotection method 
2 to3 

TFA Not then attempted Na/ Cl@g 
TFA then Na/ Cl&h3 
Pyridine-Hz0 reflux, 
then 1 M HCI. 

Yield 
2 to3 
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Since the IV-methanesulfonyl group was expected to be very resistant to cleavage, deprotection of the 
derivative 2a was not attempted. Deprotection of the tert-butyl esters of 4-toiuenesulfonyl and 4- 
methoxycarbonylbenzenesulfonyl derivatives 2b and 2c by uifluoroacetic acid (TFA). followed by reductive 
cleavage of the sulfonyl groups using sodium naphtbalenide* in 1,Zdimethoxyethane (DME), gave only low 
yields (11 and 14% respectively) of the amino acid 3a. Deprotection of the diastereoisomeric sulfamide 
derivatives 2d to racemic 3-amino-3-phenylacetic acid 3a was accomplished in 76% yield by refluxing 2d 
overnight in pyridine-water (191). followed by treatment with trifluoroacetic acid at 20 OC! and then ion- 
exchange chromatography. Attempted deprotection of the sulfamide derivatives 2d by refluxing overnight 
with concentrated hydrochloric acid brought about quantitative elimination to give cinnamic acid, a similar 
acid-induced elimination has been noted previously.~t 

of the imines la-d thus far examined, Id appeared to be the most suitable for our purposes, since 
deprotection to the ~-amino acid 3a could be achieved efficiently under relatively mild conditions. However, 

our attempts to extend this method to other diarylidenesulfamides were discontinued when we found that the 
reaction of sulfamide (H2NSO2NH2) with 4-methoxybenzaldehyde or 4-cyanobenzaldehyde (benzene, 
Amberlyst@’ 15 acidic ion exchange resin, reflux with Dean-Stark trap) failed to give the corresponding 
diarylidenesulfamides, but instead stopped after the formation of the highly insoluble 
monoarylidenesulfamides (ArCH=NSG&). This difficulty, together with the oily nature of the mixed 
addition product 24 prompted us to examine the reactivity of the novel IV-(anthracene-9-sulfonyl)imines 7a-f 
(Scheme 2 and Table 2). 

Anthracene-9-sulfonyl chloride, which has been used to protect the side chain of arginine.t2 has 
previously been prepared in 34% overall yield by sulfonation of anthmcene (SC& dioxan) to give anthracene- 
9-sulfonic acid, the sodium salt of which was then refluxed with phosphorus (HI) chloride. Morley13 has 
shown that anthracene-9-sulfonic acid is formed in the reaction of anthracene with chlorosulfonic acid in 
dioxan. We modified the latter appproach by precipitating the anthracene-9-sulfonic acid as its 
tetrabutylammonium salt 5, which was converted into anthracene-9-sulfonyl chloride by analogy with the 
general procedure of Fujitat (POC13, sulfolane, acetonitrile) and thence into anthracene-9-sulfonamide (6) 
(53% overall yield from anthracene) using excess aqueous ammonia. Anthracene-9-sulfonamide (6) failed to 
react with benzakiehyde dimethyl acetal, but could be converted in 61% yield into the benzaldimine 7a upon 
treatment with benzaldehyde, titanium (IV) chloride and triethylamine, according to the general method of 
Jenningsls (General Method B). The analogous reactions of 4_fluorobenzaldehyde, 4-methoxybenzaldehyde, 
4-cyanobenzaldehyde, furfural, and cinnamaldehyde gave the imines 7b-f (26-668). Since these imines 
decomposed on attempted chromatography using either silica or alumina, it was necessary to purify them by 
crystallisation. which may have led to some loss of product. Formation of the imine 7a was found not to 
proceed to completion when the stoichiometric ratio of benzaldehyde to the sulfonamide 6 was employed, so 
2.0 equivalents of aldehyde (1.3 equivalents in the case of Ccyanobenzaldehyde, which is a solid) were 
normally used in these reactions in order to maximise the consumption of the relatively insoluble anthracene- 
g-sulfonamide (6) and thus to facilitate the isolation of the imines. Imines 7a and 7e were obtained in 70 and 
72 96 yields by simply refluxing 6 with the appropriate aldehyde (1 equivalent) and Amberlyst@ 15 in benzene 
whilst removing water using a Dean and Stark trap. All the imines other than 7e, which is derived from the 
somewhat acid-labile aklehyde furfural, could therefore be prepared in acceptable yields. 
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8 (~i!~~~x~ &lt~+ (i:iz!ii’” Anthr;SOz”,‘C,, 

R’CHO / TiCI 
4 5 EtsN 

Ambarlyst 15 
Reflux in PhH 

General Method 
,CO$Bu 

with Dean-Stark 
B General Method 

I, (i) BrZnCH&O$-Bu t C 

Anthr-SO*NH R 4 Anthr-SO,N& R 

8a-f 
(ii) Hz0 

R’ = (Qstyryl 

/ 

General Method A 7a-f 

\ 

Al/ Hg then 1 M HCI 
General Method D 

9 3a, 3c 

Scheme 2. Addition of BrZnC!H$@r-Bu to IV-anthracene-9-sulfonyhmines. 

Table 2. Outcome of reactions depicted in Scheme 2. 

a. 

b. 

Entry Jmine R Yield Yield Yield Yield 
6 to7 6 to7 7 to8 8 to 3 

(Method B) (Method C) 
: ;“b &C& 4; 70 4: 638 

z 
7c 4-MeOC& 63 72 

;: 
4-NCC&J4 

z; 
72 ;z 

5 2-Fury1 18 
6 7f Q-Styryl 66 sob 

Conversion of 8a to 3a was also performed using 0.1 M CHsSOsH ia TFA (40 OC, 7 d; 48% yield). 

Isolated as 9, the product of a spontaneous, intramolecular Diels-Alder reaction. 

The imines 7a-e underwent addition of BrZnCHZCO2r-Bu to give the corresponding protected amino 
acids 8a-e (18-99% yields). The cinnamaldimine 7f appeared to behave similarly, but in this case an 
intramolecular Diels-Alder reaction ensued to give the sultam 9 with the (3R*, 3aR*. 4R*) relative 
configuration, as indicated by the lH NMR coupling constants (J3,3a = 10.7 Hz, J3a.4 = 5.9 HZ) and by the 
presence of a nuclear Overhauser effect between 3-H and 4-H. Deprotection of the N-(anthracene-9-sulfonyl) 
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amino esters 8a and & was performed by treatment with aluminium amalgamI in THF-Hz0 followed by 
dilute hydrochloric acid (63 and 72% yields) to give the known amino acids 3a and 3c. The N-anfhrucene-9- 
sulfonyl group therefore promises to have considerable syntheiic utility, since ir may be cleaved reductively 
under much milder reductive conditions than those required to remove traditional imine-acrivaring groups 
such us tofuened-sulfonyl. However, since the removal of aluminium residues from the amino acids 3a and 
3c required the use of ion-exchange chromatography, we are seeking other ways to cleave the anthracene-9- 
sulfonyl group. Deprotection of the sulfonamido ester 8a to give the amino acid 3a was performed in a single 
step by prolonged warming with 0.14 M methanesulfonic acid in TFA (48% yield). 

Conclusion 
The anthracene-9-sulfonyl group appears to be a useful activating group for imines and may easily be 

removed under mildly reductive conditions. complementary to those required to effect the oxidative cleavage 
of the Cmethoxyphenyl group. A further advantage is that since derivatives of anthracene-9-sulfonamide are 
often yellow or orange in colour and highly crystalline. they are easy to purify. 

EXPERIMENTAL 

Materials and General Procedures 
The following starting materials were prepared by literature methods: N - 

(benzylidene)metbanesulfonamide (la),10 N-(benzylidene)toluene-4-sulfonamide (lb),‘0 and (PhCH=N@Q 
(Id).11 4-(Methoxycarbonyl)benzenesulfonamide was prepared in 27% yield by treating a suspension of 4- 
carboxybenzenesulfonamide in dry methanol with thionyl chloride, then refluxing for 24 h and recrystallising 
from MeOH-H20, it had a mp in agreement with the literature value16 Zinc-copper couple was prepared 
according to Schank and Shechter.17 Methanol was distilled from magnesium methoxide. ‘Petrol’ refers to the 
light petroleum fraction bp 40-60 Oc and was redistilled. THF and 1,2+iimethoxyethane (DME) were dried 
by distillation from sodium and benzophenone. All mass spectra were recorded in electron impact mode. 

N-(Benzylidene)-4-(methoxycarbonyl)benzenesu[fonamide (2~). 4-(Methoxycarbonyl)benzene- 
sulfonamide (3.23 g, 15 mmol) and benzaldehyde dimethyl acetal (3.75 mL, 3.81 g, 25 mmol) were heated 
together in a small still using a bunsen burner until distillation of methanol was complete (approx 10 min). 
The residue was extracted with a mixture of CH2Cl2 and petrol, and filtered to remove unreacted 4- 
(methoxycarbonyl)benzenesulfonamide. The solvents were evaporated and the residue was recrystallised 
from EtOAc-petrol to yield the title compound lc (3.35 g, 84 %) as white crystals, mp 133-135 OC. (Found: 
C, 59.4; H, 4.25; N, 4.5. C15Ht3N04S requires C, 59.4; H, 4.3; N, 4.6 %); IR (KBr): v = 1721,157l , 1330 
and 1158 cm-*; 1H NMR (250 MHz, CDC13): 6 = 3.97 (s, 3 H, Cme), 7.42-7.56 (m, 2 H, m-Ph), 7.60-7.78 

(m, 1 H, p-Ph), 7.92-7.98 (m, 2 H, o-Ph), 8.05-8.23 (AA’BB’, 4 H, Ar-a), 9.10 (s, 1 H, CH=N); MS: m/z (%) 
= 303 (M+, 36), 272 (8), 239 (ll), 135 (100); HRMS: found 303.0589 (talc for ClsH13NO.+S 303.0565). 

Addition of t-BuOzCCHzZnBr to N-(Benrylidene)methanesulfonamide (la). Example of General 
Method A. To Zn-Cu couple17 (95% Zn; 111 mg. 1.6 mm01 Zn) in hot anhydrous THF (1 mL) was added a 
solution of t-Bu@CCH2ZnBr (0.258 mL, 3 mmol) in THF (3 mL) over 5 min. The mixture was refluxed for 
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1 h, then a solution of the imine la (147 mg, 0.8 mmol) in THF (3 mL) was added and refluxing was 

continued for 36 h. The mixture was then cooled, added to saturated aqueous NaHC03 (10 mL) and extracted 

into Et20 (3 x 30 mL). Drying (MgSQ) and evaporation of the Et20 layer, then recrystallisation from 

CH$l2-petrol gave tert-butyl 3-methanesulfonamid-3-phenylpropanoate (2a) (190 mg, 79 %) as white 

crystals, m.p. 91-92 Oc. (Found: C, 56.3; H, 7.4; N, 4.5. C14H21N04S requires C, 56.2; H, 7.1; N, 4.7 %); 

IR: (KBr): v = 3243, 1702 cm-l; lH NMR (250 MHz, CDCl3): 6 = 1.38 (s, 9 H, t-Bu). 2.67 (s, 3 H, Me), 2.77 

(d, 2 H, J = 6 Hz, CH2), 4.87 (‘q’, 1 H, J = 6 Hz, PhCH), 5.67 (d, 1 H, J = 7.5 Hz, NH), 7.27-7.45 (m, 5 H, Ph); 

MS: m/z (%) = 284 (M+-Me, 0.2) 242 (O.l), 226 (5), 220 (17), 184 (loo), 164 (67); HRMS: found 284.0944 

[talc for C13HlgN04S (M+-CH3) 284.09571. 

text-Bury1 3-(4-roluenesulfonamido)-3-phenylpropanoare (2b). Imine lb (0.83 g, 3.2 mmol) was 

subjected to General Method A to yield the title compound2b (0.99 g, 82 S) as white crystals, m.p. 110.5-l 12 

*C (CHzC12-petrol). (Found: C, 63.9; H, 6.8; N, 3.6. CzoHz5NO4S requires C, 64.0; H, 6.7; N, 3.7 %); IR 

(KBr): v = 3189, 1700 cm-l; lH NMR (250 MHz, CDC13): 6 = 1.31 (s, 9 H, r-B@, 2.36 (s, 3 H. Me), 2.62 (dd, 

1 H, J = 16,7 Hz, l/2 x CH2). 2.74 (dd, 1 H, J = 16,7 Hz, l/2 x CH2). 4.69 (‘q’, 1 H, J = 7 Hz, PhUf), 5.82 

(d, 1 H, J= 8 Hz, NH), 7.07-7.19 (m, 7 H), 7.57-7.62 (m, 2 H); MS: m/z (%) = 318 (M+-QH9,3), 302 (4). 

260 (loo), 220 (44), 164 (96), 155 (43); HRMS: found 318.0787 [talc for Ct6H16NG& (M+-QH9) 

318.08001. 

text-Butyf 3-[4-(merhoxycarbonyl)phenylsulfonamido (2~). Imine lc (1.52 g, 5.0 
mmol) was subjected to General Method A to yield the rifle compound 2c (1.80 g, 86 %) as white crystals, mp 

141-142 *C (CHCl3-petrol). (Found: C, 59.9; H, 6.3; N, 3.3. CzlH25N06S requires C, 60.1; H, 6.0; N, 3.3 
%); IR (KBr): v = 3201,1731,1708 cm- l; lH NMR (400 MHz, CDC13): 6 = 1.35 (s, 9 H, t-Bu), 2.67 (dd, 1 H, 

J = 16,6 Hz, l/2 x CH2), 2.72 (dd, 1 H, J = 16,7 Hz, l/2 x CH2), 3.94 (s, 3 H, Me), 4.77 (q. 1 H, J = 7 Hz, 

PhCH), 6.20 (d, 1 H, J = 8 Hz, NH), 7.04-7.16 (m, 5 H, Ph), 7.71 (‘d’, 2 H, J = 7 Hz), 7.96 (‘d’, 2 H, J = 7 

Hz); MS: m/z (%) = 346 (M+-QH90,2), 304 (85), 220 (36), 164 (lOO), 135 (36), 104 (30). 

Di-tert-butyl3,3’-diphenyl-3,3’-sulfamyldiaminopropanoate (Zd). Diimine Id (272 mg, 1.0 mmol) was 

subjected to General Method A using BrCH$Ozt-Bu (4 mmol) and Zn (4 mmol). After the usual work up, 

purification by flash chromatography [CHzClz-petrol (1: 1 to 1:O gradient)] gave a cu 1: 1 mixture of the (zlz)- 

and meso - forms of the title compound 2d (436 mg, 86 %) as a colourless oil. IR (KBr): v = 3280, 1734 

cm-l; 1H NMR (250 MHz, CDC13): 6 = 1.29 (s, 9 H, r-Bu), 1.31 (s, 9 H, t-Bu), 2.55 (dd, 1 H, J = 15, 6 Hz, 

l/2 x CHzCO), 2.63 (dd, 1 H, J = 15,6 Hz, l/2 x CHzCO), 2.71 (dd, 1 H, J = 16,6 Hz, l/2 x CH$O), 2.83 

(dd, 1 H. J = 16,6 Hz, l/2 x CHzCO), 4.59-4.72 (m, 2 H, 2 x PhCH), 5.30 (d, 1 H, J = 7.5 Hz, NH), 5.47 (d, 

1 H, J = 7.5 Hz, NH), 7.10-7.35 (m, 10 H, 2 x Ph). 

3-Amino-3-phenylpropanoic acid (3a). Deprotection of tert-Bury1 3-(4-toluenesulfonamido)-3- 
phenylpropanoale (2b) using TFAfollowed by sodium naphthalenide. terr-Butyl3-(4-toluenesulfonamido)-3- 

phenylpropanoate (2b) (380 mg, 1.0 mmol) was dissolved in TFA (1 mL) and stirred at 20 *C for 2 h. The 

solution was then evaporated and the residue was recrystallised from EtOAc-petrol to yield 3-phenyl-3- 
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(toluene-4-sulfonamido)propanoic acid (242 mg, 76%) as white crystals, mp 156-157 OC, with the following 
properties: IR (KBr): v = 3253,3180-2370.1713 cm- l; tH NMR (250 MHz, CDC13): 6 = 2.37 (s, 3 H, Me), 

2.81 (dd, 1 H, J =16.6 Hz, 11’2 x CH2). 2.93 (dd, 1 H, J =16.6 Hz. I/2x CH2). 3.5 (br s, IH, NH). 4.74 (‘t’, 1 
H, 5=6 Hz, WPh), 5.76 (br s, 1 H, CO$-I), 7.09-7.21 (m, 7 H, Ar-H7), 7.60 (d, 2 H, .I= 8 Hz, Ar-Hz); MS: m/z 
(%) = 319 @I+, l), 260 (81). 164 (94), 104 (42), 91 (100); HRMS: found 319.0855 [talc for C&It7NO4S 
319.08781. 

A solution of naphthalene (0.64 g, 5.0 mmol) in DME (10 mL) was stirred with Na (115 mg, 5.0 mmol) 
at 20 OC for 1 h. The resultant emerald green solution of NaCtfl8 was gradually added to a solution of 3- 
phenyl-3-(toluene-4-sulfonamido)propanoic acid (160 mg, 0.5 mmol) in DME (3 mL) until a permanent 
reddish purple colour developed. The mixture was then acidified to pH 7 using 50 8 aqueous AcOH and the 
bulk of the DME was evaporated. The residue was partitioned between Et20 (20 mL) and Hz0 (20 mL). The 
aqueous layer was washed with a further portion of Et20 (25 mL), then the aqueous phase was concentrated 
and subjected to ion-exchange chromatography on a column of Dowex@ 50x2-100 (H+ form), eluting fit 
with Hz0 and then with 1 M aqueous NH3. Pooling and evaporation of appropriate fractions gave 3-amino-3- 
phenylpropanoic acid (3a) (12 mg. 11 % from 2b) as h white solid, mp 220-227 OC (decomp) [lit.18 216 OC, 
lit.l9 222 W (decomp)]. IR (KFJr): v = 2612.2205, 1625, 1580 cm-l; lH NMR (250 MHz, ho): 6 = 2.88 

(dd, 1 H, J = 16,7 Hz, l/2 x CHz), 2.98 (dd, 1 H, J = 16,8 Hz, l/2 x CH2). 4.69-4.85 (m, CHph and HOD), 
7.48-7.61 (m, 5 H, Ph). 

3-Amino-3-phenyfpropanoic acid (3a). Deprotecrion of tert-Butyl 3-(4- 
methoxycarbonylphenylsulfoMmido)-3-phenylpropanoate (2~) using TFA followed by sodium naphthalenide: 
A solution of rert-butyl 3-[4-(methoxycarbonyl)phenylsulfonamidol-3-phenylp~panoate (2~) (0.63 g, 1.5 
mmol) in TFA (3 mL) was kept at 20 OC for 2 h. The mixture was then concentrated and the residue was 
thoroughly desiccated over NaOH pellets. The crude product was dissolved in DME and cooled to 0 OC. To 
this solution was added a solution of sodium naphthalenide prepared from naphthalene (0.64 g, 5 mmol), 
sodium (0.115 g, 5 mmol) and DME (10 mL) until a permanent change from colourless to reddish brown was 
observed. 50% Aqueous AcOH (2 mL) was added and the mixture was concentrated on a rotary evaporator. 
The residue was extracted with water (25 mL), which was washed with ether (2 x 25 mL). The aqueous layer 
was then concentrated in vacua and purified by ion-exchange chromatography as in the preceding experiment 
to give 3-amino-3-phenylpropanoic acid (3a) (35 mg, 14 %), with identical properties to the sample described 
above. 

3-Amino-3-phenylpropanoic acid (3a) from rert-Bury1 3,3’-diphenyl-3,3’-sulfamyldiaminopropanoare 
(2d). A solution of 2d (75 mg. 0.15 mmol) in pyridine-Hz0 (19:l ; 10 mL) was refluxed for 15 h. The 
solvents were then evaporated in vacua and the residue was dissolved in 1 M hydrochloric acid (30 mL) and 
washed with ether (2 x 25 mL). The aqueous layer was concentrated in vacua and then the residue was 
purified by ion-exchange chromatography as in the preceding experiments. Pooling and evaporation of the 

appropriate ninhydrin-positive fractions gave 3-amino-3-phenylpropanoic acid (3a) (38 mg, 76 8) as a white 
solid, with identical properties to the samples described above. 
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Tetrabutylammonium anthracene-9-sulfonate (5). To ice-cooled dry dioxan (200 mL) was added 
chlorosulfonic acid (13.3 mL, 0.2 mol) at such a rate that the temperature remained below 20 Oc. The mixture 
was cooled to 10 oC and anthracene (27.5 g, 0.15 mol) was added in portions over 5 min with stirring. The 
mixture was heated to 40 oC for 30 min, cooled, poured into stirred ice-water (300 g), filtered through Celite@ 
to remove the yellow precipitate and brought to pH 9 using 4 M NaOH. Aqueous tetrabutylammonium 
hydroxide (40 wt%; 97.3 mL, 0.16 mol) was then added and the product was extracted into CH2Cl2 (3 x 100 
mL). The CH$!12 phase was dried (MgS04), filtered and concentrated in vacua to give an orange oil, which 
was recrystallised from EtOAc-Et20 to give tetrabutylammonium anthracene-9-sulfonate (40.7 g, 54%) as a 
yellow solid, mp 116-1220(3, after furtherrecrystallisations a sample had mp 123-127 oC. (Found: C, 71.6; H, 
9.4; N, 2.9. C3oH45NO3S requires C, 72.1; H. 9.1; N, 2.8 96); IR (KBr): v = 1204 (Se-) cm-l; IH NMR (250 
MHz, CDC13): 6 = 0.79 (t, 12 H, J = 7.5 Hz, 4 x CH3). 1.09 (sext, 8 H, J = 7.5 Hz, 4 x CHZ), 1.22-1.35 (m, 8 

H, 4 x CI-Iz), 2.86-2.96 (br t, 8 H, 4 x NCH;?), 7.39-7.46 (m, 4 H, Ar 2-, 3-, 6-,7-H), 7.88 (‘d’, 2 H, J = 7.5 Hz, 
4-, 5-H), 8.38 (s, 1 H, Ar 10-H), 9.80 (‘d’, 2 H, J = 9 Hz, l-, 8-H). 

Anthracene-9-sulfonamide (6). A solution of tetrabutylammonium anthracene-9-sulfonate (5) (15.0 g, 
30 mmol) in CH3CN (30 mL) and sulfolane (15.2 mL) at 20 eC was treated with POC13 (11.2 mL, 120 mmol) 
dropwise over 5 min. The mixture was stirrred vigorously for 10 min and treated with water (150 mL) 
dropwise at <lo Oc. The orange precipitate of crude anthracene-9-sulfonyl chloride was filtered off, washed 
with water, dried under vacuum and added to a mixture of aqueous NH3 (d 0.880; 150 mL) and CHC13 (25 
mL), which was stirred vigorously at 0 oC for 1 h and then at 20 oC for 1 h. The mixture was shaken with 2 M 
NaOH (300 mL) and the CHCl3 phase was discarded. The remaining aqueous and solid phases were washed 
with further portions of CHC13 (2 x 100 cm3). and then acidified with 6 M HCl to give anthracene-9- 
sulfonamide (6) (7.59 g, 98%) as a yellow solid, mp 200.5-202.5 cc. (Found: C, 65.0, H, 4.3; N, 5.35. 
Cl4HllN02S requires C, 65.35; H, 4.3; N, 5.4 %); UV (MeOH): h (E) = 347sh, 364 (7300). 380 (7500 
dm3mol-km-l), 396 nm sh; IR (KBr): v = 3409,3300,1312,1144 cm-l; 1H NMR [250 MI-Ix, (CD3)2CO]: 8 = 

7.0 (br s, 2 H, NH2), 7.56-7.72 (m, 4 H, 2-, 3-, 6-, 7-H), 8.19 (‘d’, 2 H, J = 9 Hz, 4-, 5- H), 8.91 (s. 1 H, 10-H), 
9.37 (‘d’, 2 H, J = 9 Hz, l-, 8-H); MS: m/z (%) = 257 (M+, lOO), 193 (45), 177 (37). 165 (20); HRMS: found 

257.0502 [talc for C14HllN02S @I+) 257.05111. 

N-Beneylideneanthracene-9-sulfonamide (7a). Example of the preparation of an N-(anthracene-9- 
sulfonyl)imine by General Method B. Anthracene-9-sulfonamide (6) (2.32 g, 9.0 mmol) was suspended in a 
solution of benzaldehyde (1.83 mL, 1.91 g, 18.0 mmol) and Et3N (7.53 mL, 54 mmol) in CHzClp (150 mL) 
under N2. The mixture was cooled to 0 cC and Tic4 (1.47 mL, 13.5 mmol) was added dropwise with stirring. 
After 1 h the mixture was warmed to 20 oC and after a further 1 h it was filtered through Celite@ and washed 
with saturated aqueous NaHC03 (3 x 50 mL). The organic phase was dried (MgS04), filtered, evaporated 
and the residue recrystallised from CHClg-petrol to give N-(benzylidene)anthracenesulfonamide (7a) (1.88 g 
61%) as a bright yellow crystalline solid, mp 157-158.5 cC; IR (KBr): v = 1573, 1315, 1146 cm-*; 1H NMR 
(2.50 MHz, CDC13) 6 = 7.43 (t, 2 H, J = 7.5 Hz, 3’-, S-H), 7.52-7.60 (m, 3 H. 3-, 6-, 4-I-I), 7.71 (ddd, 2 H, J = 

9, 7,2 Hz, 2-, 7-H), 7.88 (‘d’, 2 H, J = 7 Hz, 2’-, 6-H), 8.05 (d, 2 H, J = 8 Hz, 4-, 5-H), 8.74 (s, 1 H, 10-H). 
9.18 (s, 1 H, CH=N), 9.45 (‘d’, 2 H, J = 8 Hz, l-, 8-H); NMR assignments were supported by a COSY 
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experiment; MS: m/z (%) 345 (M+. 77), 281 (9). 241(2), 177 (100); HRMS: found 345.0848 [cak for 
QlHlsN@S (M+) 345.08231. 

N-Benzylideneanrhracene-9-sulfonamide (7a). Example of the preparation of an N-(anthracene-9- 

sulfonyl)imine by General Method C. Anthracene-9-sulfonamide (6) (1.29 g, 5.0 mmol), benzaldehyde (0.508 
mL, 5.0 mmol) and Amberlyst@ 15 ion-exchange resin (350 mg) were refluxed in benzene (60 mL) for 36 h in 
an apparatus fitted with a Dean and Stark trap. The mixture was cooled, filtered and the residue was washed 
with CH2C12. The filtrate and washings were combined, concentrated and recrystallised to yield the tide 
compound 7a (1.61 g, 72 %) with physical properties which matched those of 7a from the preceding 

preparation. 

N-(4-Fluorobenzylidene)anthracene-9-sulf (7b). Treatment of Cfluorobenzaldehyde (1.93 ml+ 
2.23 g, 18 mmol) according to General Method B yielded the title compound 7b (1.89 g, 58%) as a yellow 
solid, mp 204-205 Oc. IR (KBr): v = 1582,1302, 1225,1144 cm- 1; tH NMR (250 MHz, CDC13): 6 = 7.06- 

7.17 (m, 2 H, 3’-, S-H), 7.55 (ddd, 2 H, J = 11,8, 1 Hz. 3-, 6-H), 7.70 (ddd, 2 H, J = 9,7, 1.5 Hz, 2-, 7-H), 
7.85-7.97 (m, 2 H. 2’-, 6’-H), 8.04-8.09 (m, 2 H, 4-, 5-H), 8.75 (s, 1 H, 10-H), 9.14 (s, 1 H, CH=N), 9.40-9.44 
(m, 2 H, l-, 8-H); MS: m/z (%) = 363 (M+, 27), 299 (M+-S02, 15). 178 (39), 177 (100); HRMS: found 
363.0726 [talc for QlHl@NG,$ @I+) 363.07291. 

N-(4-Methoxybenzylidene)anthracene-9-suvonamide (7~) . Treatment of 4-methoxybenzaldehyde (2.45 
g, 18 mmol) according to General Method B yielded the tide compound 7c (2.03 g, 63 %) as a yellow solid, 
mp 143-145 OC. IR (KBr): v = 1588,1315,1140 cm- l; lH NMR (400 MHz, CDC13) 6 = 3.83 (s, 3 H, Me), 

6.87-6.95 (m, 2 H, 3’-, 5’-H), 7.48-8.09 (m, 8 H. Ar), 8.71 (s, 1 H, 10-H), 9.07 (s, 1 H, CH=N), 9.42-9.47 (m, 2 
H, l-, 8-H); MS: m/z (%) 311 (M+- SO2,4), 257 (100). 193 (48). 177 (39); HRMS: found 311.1347 [talc for 
CzH17NO @4+-S@) 311.1310]. 

N-(4-Cyanobenzylidene)anthracene-9wlfonamide (7d) by General Method B. Treatment of 4- 
cyanobenzaldehyde (1.56 g, 12 mmol) according to General Method B, but using 9 mmol of anthracene-g- 
sulfonamide (6), gave the title compound 7d (0.47 g, 26 %) as a yellow solid, mp 196.5-198 OC. IR (KBr): v 
= 2227, 1557, 1304,1145 cm- I; 1H NMR (250 MHz, CDC13): 6 = 7.53-8.11 (m, 10 H, Ar), 8.79 (s, 1 H, lo- 

H), 9.21 (s, 1 H, CH=N), 9.37-9.42 (m, 2 H, l-, 8-H); MS: m/z (%) 370 (M+. 22), 257 (1 l), 193 (35), 177 
(100); HRMS: found 370.0794 [talc for C22H14N&S (M+) 370.07761. 

N-(4-Cyanobenzylidene)anthracene-9-sulfa (7d) by General Method C. Treatment of 4- 
cyanobenzaldehyde (0.79 g, 6.0 mmol) by General Method C (64 h reflux) yielded the tide imine 76 (1.61 g, 
72 %) with physical properties which matched those of 7d from the preceding preparation. 

N-(FuryW-methylene)anrhracene-9-sulfonamide (7e). Treatment of furan-2-carboxaldehyde (0.57 g, 
6.0 mmol) according to General Method B yielded the title compound 7e (0.29 g, 29 46) as a yellow-brown 
solid, mp 190-192 W. IR (KBr): v = 1581,1314,1148 cm- 1; 1H NMR [250 MHz. (CD3)2SO]: 6 = 6.59 (dd, 1 
H, J = 3, 1.5 Hz, 4’-H), 7.30 (dd. 1 H, J = 4, 1 Hz, 3’-H), 7.50-7.74 (m, 5 H, 2-, 4-, 6-. 7-, S-H). 8.05 (dt, 2 H, 
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J = 9, 1 Hz, 4-.5-H), 8.74 (s, 1 H, 10-I-I). 8.98 (s. 1 H, CH-N), 9.40 (dd, 2 H, J = 9, 1 Hz, l-, 8-H); MS: m/z 

(%) = 335 (M+, 63), 271 (19). 270 (8), 177 (100); HRMS: found 335.0631 [talc for CtgHl3NO$I (M+) 

335.0616]. 

N-(Cinnamylidene)anthracene-9-sulfonamide (7fl. Treatment of cinnamaldehyde (2.38 g, 18.0 mmol) 

according to General Method B yielded the title compound 7f (2.20 g, 66 8) as a bright orange solid, mp 195 

197 Oc. IR (KBr): v = 1613,1578,1314,1139 cm- *; 1H NMR (250 MHz, CDC13) 8 = 6.99 (dd. 1 H, J = 16.9 

I-k CH-CH=N), 7.34-7.73 (m, 10 II), 8.06 (dt, 2 H, J = 8, 1 Hz, 4-, 5- I-I), 8.74 (s, 1 H, 10-I-Q 8.94 (d, 1 H, J 

= 9 Hz, CH=N), 9.36-9.42 (m, 2 H, l-, 8-H); MS: m/z (%) = 371 (M+, 0.3), 307 (l), 257 (16), 178 (100); 

HRMS: found 371.0997 [talc for C23Hl7NQ$ (M+) 371.09801. 

tertlutyf 3-(anthracene-9-su~onami~)-3-phenylpropanoate (au). Treatment of the imine 7a (1.10 g, 

3.2 mmol) according to General Method A yielded the title compound 8a (0.98 g, 66 %) as yellow crystals, 

mp 138.5-139.5 eC (CHC13petrol). (Found: C, 69.9; H, 6.1; N, 3.0. C27H27N04S requires C, 70.3; H, 5.9; 

N, 3.0 8). IR (KBr): v = 3276,1703 cm- l; lH NMR (250 MHz, CDC13): 8 = 1.26 (s, 9 H, t-Bu), 2.39 (dd, 1 

H, J = 16,6 Hz, l/2 x CH2). 2.55 (dd. 1 H, J = 16,6 Hz, l/2 x CHz), 4.67 (‘9’. 1 H, J = 6 Hz, CI-IN), 6.32 (d, 1 

H, J = 8 Hz, NH), 6.55-6.82 (m, 5 H, Ph), 7.47 (‘t’, 2 H, J = 7 Hz, 3-, 6- I-I), 7.62 (ddd, 2 H. J = 9,7, 1.5 Hz, 

2-, 7- I-I), 7.93 (d, 2 H, J = 8 Hz, 4-, 5- I-I), 8.49 (s, 1 H, 10-H), 9.23 (d, 2 H, J = 9 Hz, I-, 8- II); MS: mlz (%) 

= 463 (M++H2,5), 389 (I), 346 (12), 242 (3), 220 (I), 178 (IOO), 164 (35); HRMS: found 463.1792 [talc for 

C27H2gN04S (M++Hz) 463.18171. 

tertduvl 3-(anthracene-9-sulfonamido)-3-(4-fluorophenyl)propanoate (Sb). Treatment of the imine 7b 
(1.09 g, 3.0 mmol) according to General Method A, then purification by flash chromatography [CH$&-petrol 

(1: 1) to CH$&Et20 (9: 1); gradient elution] followed by recrystallisation from CH$&petrol yielded the 

title compound 8b (1.08 g, 75 %) as yellow crystals, m.p. 163-164 Oc. IR (KBr): v = 3251,1703,1222 cm-l; 

lH NMR (250 MHz, CDC13): 6 = 1.28 (s, 9 H, t-Bu), 2.40 (dd, 1 H, J = 16,6 Hz, l/2 x CH2), 2.54 (dd, 1 H, J 

= 16,6.5 Hz, l/2 x CH2), 4.65 (‘q’, 1 H, J = 7 Hz, CHN), 6.22-6.31 (m, 2 H, Ar-Hz), 6.34 (d, 1 H, J = 8 Hz, 

NH), 6.44-6.50 (m, 2 H, Ar-Hz), 7.49 (ddd, 2 H, J = 8,7, I-Hz, 3-, 6-H), 7.63 (ddd, 2 H, J 9,7, 1.5 Hz, 2-, 7- 

H), 7.95 (dt, 2 H. J = 8, 1 Hz, 4-, 5-H), 8.52 (s, 1 H, 10-H), 9.21 (dd, 2 H, J = 9, 1 Hz, l-, 8-H); MS: m/z (%) = 

479 (M+. 45), 423 (18), 364 (8), 257 (28), 182 (29), 178 (100); HRMS: found 479.1566 [talc for 

C27H26FNG4S (M+) 479.15671. 

tert-Butyl 3-(anthracene-9-sulfonamido)-3-(4-methoxyphenyl)propanoate (8~). Treatment of the imine 

7~ (1.08 g, 2.9 mmol) according to General Method A, then purification by flash chromatography (CHzClz_ 

petrol 1: 1) yielded the title compound SC (1.41 g, 99 %) as yellow crystals, mp 57.5-59 oC (CHC13-petrol). 

IR (KBr): v = 3254, 1708 cm-l; 1H NMR (250 MHz, CDC13): 6 = 1.28 (s, 9 H, t-Bu), 2.41 (dd, 1 H, J = 15,6 

Hz, l/2 x CH2), 2.56 (dd, 1 H, J = 15, 6 Hz, l/2 x CH2), 3.56 (3 H, s, CH3), 4.63 (‘q’, 1 H, J = 7 Hz, CHN), 

6.04-6.10 (m, 2 H, 3’-, S-H), 6.25 (d, 1 H, J = 8 Hz, NH), 6.37-6.43 (2 H, m, 2’-, 6-I-I), 7.47 (2 H, ddd, J= 8, 

7, l-Hz, 3-, 6-H), 7.61 (ddd, 2 H, J 9,7, 1.5 Hz, 2-, 7-H), 7.89-7.94 (2 H, m, 4-,5-H), 8.48 (s, 1 H, 10-I-I), 9.21 

(ddd, 2 H, J = 9, 2, 1 Hz, l-, 8-H); MS: m/z (%) = 491 (M+, l), 476 (0.3), 314 (2), 257 (67), 193 (86), 178 

(100); HRMS: found 491.1804 [talc for C28H2gNOgS (M+) 491.17661. 
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teztButy1 3-(anthracene-9-suJfomamido)-3-(4-cyanopheny~)propanoate (8d). Treatment of the imine 7d 
(370 mg, 1.0 mmol) according to General Method A, then purification by flash chromatography [gradient 
from CH$&retrol (1:l) to CH2C12-Et20 (9:1)] yielded the title compound 8d (455 mg, 94 %) as yellow 
crystals, mp 139-142 Oc. IR (KBr): v = 3257,2228,1701 cm -1; *H NMR (80 MHx, CDC13): 6 = 1.32 (s, 9 H, 

t-B@, 2.20-2.83 (m. 2 H, CH$O), 4.72 (‘q’, 1 H, J = 7 Hz, CHN), 6.5-6.9 (m, 5 H. C&Lt, NH), 7.3-8.1 (m, 6 
H, 2-. 3-, 4, 5-, 6, 7-H), 8.53 (s, 1 H, 10-H), 9.1-9.3 (m. 2 H, l-, 8-H); MS: m/z (96) = 486 (M+, 0.3), 430 
(0.2), 178 (100); HRMS: found486.1612 [talc for QgH2&O4S (M+) 486.16131. 

tert-Butyl3-(anthracene-9-sulfonamido)-3-(2-furyl)-propanoate (8e). Treatment of the imine 7e (252 
mg, 0.75 mmol) according to General Method A, followed by recrystallisation from EtOAc-petrol yielded the 
title compound & (62 mg. 18 %) as air-sensitive yellow crystals. IR (KBr): v = 3219. 1708 cm-l; 1H NMR 
[250 MHx, (CD3)zSO]: 6 = 1.16 (s, 9 H, t-Bu), 2.46 (dd. 1 H, J = 15 and 8 Hz. l/.2 x CH2CO), 2.59 (dd, 1 H, J 

= 15and8Hx, 1/2xCH$ZO),4.73 (‘9’. 1 H,J=l Hx,CHN),5.56(d, 1 H,J =3Hz,2’-H), 5.88 (dd, 1 H,J= 
3,2 Hz), 7.01 (dd, 1 H, J = 2,l Hx, 4-H), 7.56-7.73 (m. 4 H, 2,3-, 6,7-H), 8.16 (d, 2 H, J = 8 Hz, 4-,5-H), 
8.81 (1 H, d, J 9 Hz, NH), 8.93 (s. 1 H, 10-H), 9.21 (d, 2 H, J = 9 Hz, l-, 8-H); MS: m/z (%) = 451 (M+, 5), 
395 (l), 378 (l), 336 (l), 257 (loo), 241 (l), 177 (51), 154 (8); HRMS: found 451.1452 [talc for 
C~H25NO$J (M+) 451.14531. 

(3R*,3aR*,4R*)-3-(te~-b~~carbonylmethyl)-3~a,4~-tetrahydro4-p~nyf-5,9b-2H-[l~]-benzano- 
naphtho-[2,1-d][Z,2]thiazole I,l-dioxide (9). Treatment of the imine 7f (1.11 g, 3.0 mmol) according to 
General Method A yielded the ritle compound 9 (0.75 g, 50 8) as white crystals. m.p. 194-195 Oc (CHC13- 
petrol). (Found: C, 70.1; H, 5.9; N, 2.7. QgH2gNOqS. 0.5 Hz0 requires C, 70.1; H, 6.1; N, 2.8 %); IR (KBr): 
v =3315, 1719,1158 cm-l; IHNMR (6OOMHx. CDC13): 6= 1.37 (s, 9H, t-Bu), 2.11 (dd, 1 H,J= 18,2Hz, 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Hz, 3a-H), 3.19-3.26 (m. 1 H, 3-H), 4.20 (d, 1 H, J = 2 Hz, 5-H), 5.37 (d, 1 H, .I = 6 Hz, NH), 6.66-6.71 (m, 2 
H), 7.07 (d, 1 H, J = 6 Hz), 7.16-7.38 (8 H, m), 7.94 (d, 1 H. J = 7 Hz), 8.34-8.37 (m, 1 H); NMR assignments 
were supported by a COSY experiment; a NOESY experiment showed interactions between inter alia 3-H and 
4-H; MS: m/z (%) = 488 (MH+, 5), 431 (4). 372 (3), 308 (l), 280 (a), 257 (3), 202 (6). 178 (14), 41 (100); 
HRMS: found 488.1950 [cak for C29H3oNO4S (MH+) 488.18961. 

3-Amino-3-phenylpropanoic acid (3a) from tert-Bury1 3-(anthracene-9-sutfonamido)-3- 
phenylpropanoate (8a). Example of a Deprotection by AlIHg then HCl (General Method D). Aluminium foil 
(27 mg, 1.0 mmol) was stirred vigorously with 2.5 % (0.07 M) aqueous HgC12 solution for 20 s and then 
quickly washed with MeOH followed by Et20. The amalgamated aluminium was added to a solution of 8a 
(115 mg, 0.25 mmol) in THF-Hz0 (9:l; 5 mL) and the mixture was stirred for 1 h, whereupon the mixture 
was filtered through Celite@. which was rinsed with a further portion of THF-H20. Evaporation of the 
combined filtrates gave a yellow solid, which was stirred for 20 min with 1 M HCl(50 mL.) and EtOAc (30 
mL). The layers were separated and the aqueous layer was then concentrated to give a crude product, which 
after purifkation by ion-exchange chromatography as described in the deprotection of the sulfonamidoester 
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2b above gave 3-amino-3-phenylpropanoic acid (3a) (26 mg. 63%). with identical properties to the sample 
prepared from 2b. 

3-Amino-3-phenylpropanoic acid (3a) from ten-Butyl 3-(anthracene-9-sulfonamide)-3- 
phenylpropanoate (8a) by meam of CH3SO3H in TFA. The protected amino acid 8a (115 mg, 0.25 mmol) 
was dissolved in TPA (3 mL) and treated with methanesulfonic acid (40 mg, 0.42 mmol). The mixture was 
stirred at 40 OC for 7 d, then was concentrated and partitioned between EtOAc (20 mL) and H20 (20 mL). 
The layers were separated and the EtOAc layer was washed with water (20 mL). The combined aqueous 
layers were washed with EtOAc (2 x 20 mL) and then concentrated to give a crude product, which after 
purification by ion-exchange chromatography as described in the deprotection of the sulfonamidoester 2b 
above gave 3-amino-3-phenylpropanoic acid (3a) (20 mg, 48%), with identical properties to the sample 
prepared from 2b. 

3-Amino-3-(4-methovphenyl)propanoic acid (3~). tertButy1 3-(anthracene-9-sulfonamide)-3-(4- 
methoxyphenyl)propanoate (SC) (123 mg, 0.25 mmol) was deprotected by General Method D to yield 3- 
amino-3-(4-methoxyphenyl)propanoic acid (3~) (35 mg, 72%) as a white solid, mp 234.5236 oC (decomp), 
[litJ* 232 Oc (decomp), lit20 240-241 Oc]. 1 H NMR (80 MHz, D20): S = 2.85-2.95 (m. 2 H, CHzCO), 3.93 

(s, 3 H, Me), 4.6-5.0 (m, PhCH and HOD), 7.05-7.55 (m, 4 H, C&t). 
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