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The photoinduced synthesis of chiral '3(3H,X-disubstituted BINOL ligands (= NR;, SR, OH) has

been achieved with excellent ee by bYVisible activation of BINOLAMSs bearing-proline ester arms.
Quinone methides, detected by laser flash photolysis, are the key intermediates involved in such a synthetic
protocol, which undergo reversible nucleophilic conjugate additions by a great variety of nitrogen
nucleophiles (amines ardamino acid derivatives) with complete configuration retention of the BINOL

moiety.
Introduction CHART 1. Binaphthol 1 and Its 3,3-Substituted
. . . . . Derivatives
Optically active binaphthol (BINOL1) and its 3,3-disub- vatv x ~
stituted derivativesZ—5, Chart 1) have been extensively used OO X‘SHZNRZ 12
as chiral auxiliary ligands in asymmetric synthési&mong OH CH,0H 3
them, the 3,3substituted derivatives such as the' &3 (amino- OH ggg[l 4
methyl)-2,2-dihydroxy-1,1-binaphthalenes (BINOLAMSs?) OO CPAN(CH ) 6
have been applied to asymmetric cyanophosphorylatiopn, X CH,SR 7

anosilylation34 cyanobenzylation, and cyanoformylatfoof

(1) (a) Brunel, J. M.Chem. Re. 2005 105 857—897. (b) Chen, Y.;
Yekta, S.; Yudin, A. K.Chem. Re. 2003 103 3155-3211. (c) Pu, L.
Chem. Re. 1998 98, 2405-2494.

(2) (a) Baeza, A.; Casas, J.; Najera, C.; Sansano, J. M.;JSEaAngew.
Chem., Int. EJ2003 42, 3143-3146. (b) Baeza, A.; Najera, C.; Sansano,
J. M.; SdaJ. M. Chem-—Eur. J. 2005 11, 3849-3862.

(3) () Casas, J.; Najera, C.; Sansano, J. M.; Gonzalez, J.,JSka
Org. Lett.2002 4, 2589-2592. (b) Casas, J.; Najera, C.; Sansano, J. M.;
Gonzalez, J.; Sad. M.; Vega, M.Tetrahedron2004 60, 10487-10496.

(4) Qin, Y.-C.; Liu L.; Pu, L.Org. Lett.2005 7, 2381-2383.

(5) (a) Baeza, A.; Najera, C.; Sansano, J. M.;,ShaVl. Tetrahedron:
Asymmetn2005 16, 2385-2389. (b) Casas, J.; Baeza, A.; Sansano, J. M.;
Najera, C.; Saal. M. Tetrahedron: Asymmetrg003 14, 197-200.
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aldehydes, enantioselective C-alkylation of Schiff b&sasg
asymmetric Michael additiohThe tetradentate alcohol ligand
(3) and its dibromide 48 have been used as starting material
in the synthesis of (i) chiral pseudorotaxahaad catenané%

(6) (a) Casas, J.; Najera, C.; Sansano, J. M.; Gonzalez, J.; Saa, J. M,;
Vega, M. Tetrahedron: Asymmetr2001 12, 699-702. (b) Najera, C.
Synlett2002 9, 1388-1403.

(7) Kitajima, H.; Ito, K.; Katsuki, T.Tetrahedron1997, 53, 17015~
17028.

(8) Cram, D. J.; Helgeson, R. C.; Peacock, S. C.; Kaplan, L. J.; Domeier,
L. A,; Moreau, P.; Koga, K.; Mayer, J. M.; Chao, Y.; Siegel, M. G.;
Hoffman, D. H.; Sogah, G. D. YJ. Org. Chem1978 43, 1930-1946.
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and (i) bifunctional phosphine oxide cataly$tsAll the above
applications came years after the pioneering work by Cram in
the synthesis of chiral crown ethers, which achieved exploiting
the chemistry of the chiral derivatives-5.12

More recently, chiral quaternary ammonium salts of
BINOLAMS (such as5) have been used as catalysts to promote
asymmetric Michael addition with fairly good enantioselectiv-
ity.13 Furthermore, methylthiol derivatives suchagR = Me)
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SCHEME 2. Photolysis of 2a in the Presence af-a-Amino
Acid Methyl Esters and Morpholine
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have been used as chiral ligands in stereoselective conjugatgyreat variety of nucleophiles including amines, amino acids,

addition of diethylzinc to enones and nitroalkeA&sThe
importance of such molecules has fueled the development of
efficient methodologies to prepare them. Although the asym-
metric synthesis of functionalized chiral 3&ibstituted bi-
naphthols has been achieved by oxidative coupling (catalyzed
by CU#") of 2-naphthols with chirals aminégclassical resolu-
tions of racemic binaphthollf'® and its 3,3-dicarboxylic acid

(5)8 (through the separation of diastereomeric salts) are the only
published protocols extensively employed for large-scale syn-
thesis of optically pure BINOL derivatives. To our knowledge,
no direct resolutions of BINOLAMZ nor tetradentate alcohol

3 or thioeter7 have been published thus far. A fairly different
approach for the synthesis of chiral 3gBsubstituted BINOL

peptides, and DNA&%21

The current interest of our group in the synthesis of new chiral
BINOLAM derivatives as precursors of chiral bis-alkylating
agents by photoactivation using WWisible light (at 360-400
nmY%-22 prompted us to develop the original synthetic protocol
described in this article.

Results and Discussion

Photoreactivity of BINOLAMs. On the basis of the pho-
toreactivity of the BINOLAM2a and its quaternary ammonium
salts 6), we have designed a general protocol for the resolution
of chiral BINOLAMs (2), tetradentate alcohol ligan@)( and

derivatives is presented here, and it is based on the generatior8,3-disubstituted BINOL thioethers7). Here we present the

of quinone methides (QMs) as bis-alkylating intermediates using
BINOLAMs 2a—2c as precursors.

preliminary results of this strategy. First, we synthesi2ads
racemic mixture starting from racemit and i-butoxymeth-

In the past decades, it has been shown that QMs, both theYldimethylamine ini-butanol according to a published proce-

ortho (0-QM) and parag-QM) isomers (Scheme 1), are mildly

dure® Second, we investigated the photoreactivity of the racemic

generated by photolysis of several precursors such as benzyBINOLAM 2ain CH.CI; in the presence of a few-a-amino

alcohols (X= OH),17-18Mannich basé$ (X = NMey), and their
quaternary ammonium safgX = NMes"l~) in water. They
are electrophilic transients undergoing Michael addition with a

(9) Asakawa, M.; Janssen, H. M.; Meijer, E. W.; Pasini, D.; Stoddart, J.
F. Eur. J. Org. Chem1998 983-986.

(10) Ashton, P. R.; Heiss, A. M.; Pasini, D.; Raymo, F. R.; Shipway, A.
N.; Stoddart, J. F.; Spencer, Bur. J. Org. Chem1999 995-1004.

(11) (a) Funabashi, K.; Ratni, H.; Kanai, M.; Shibasaki,]MAm. Chem.
Soc.2001, 123 10784-10785. (b) Hamashima, Y.; Sawada, D.; Kanai,
M.; Shibasaki, M.J. Am. Chem. S0d.999 121, 2641-2642.

(12) Helgeson, R. C.; Weisman, G. R.; Toner, J. L.; Tarnowski, T. L.;
Chao, Y.; Mayer, J. M.; Cram, D. J. Am. Chem. S0d979 101, 4928-
4941.

(13) Arai, S.; Tokumaru, K.; Aoyama, Them. Pharm. BulR004 52,
646-648.

(14) Kang, J.; Lee, J. H.; Lim, D. STetrahedron: Asymmetr2003
14, 305-315.

(15) Li, X.; Hewgley, J. B.; Mulrooney, C. A.; Yang, J.; Kozlowski, M.
C. J. Org. Chem2003 68, 5500-5511 and references therein.

(16) One of the most efficient resolution protocols of BINOL is based
on cinchonidine salt formation. Tanaka, K.; Okada, T.; Toda&AfRgew.
Chem., Int. Ed1993 32, 1147-1148. For another more recent resolution
protocol usingS-proline and further enhancement of ee with boric acid/
N,N,N',N'-tetramethylethylenediamine, see: Periasamy, M.; Venkatraman,
L.; Thomas, K. RJ. Org. Chem1997, 62, 4302-4306.
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esters and morpholine. In more detail, the photolysigafat
both 310 and 360 nm) in Gi€I, with methyl andt-butyl esters

of L-proline and morpholine gave the corresponding adducts
2b and2c as diastereomeric mixtures, and race@idn good
yields (Scheme 2, Table 1).

The preparative irradiation @&ain the presence af-alanine
methyl ester afforded a sluggish mixture containing the bis-
substituted addu@e (10% yield) together with the monosub-
stituted derivative2f (22%), unreacted starting materiah

(17) (@) Wan, P.; Barker, B.; Diao, L.; Fisher, M.; Shi, Y.; Yang, C.
Can. J. Chem199§ 74, 465-475. (b) Diao, L.; Cheng, Y.; Wan, R.
Am. Chem. S0d 995 117, 5369-5370. (c) Brousmiche, D.; Wan, Bhem.
Commun.1998 491-492.

(18) (a) Chiang, Y. A.; Kresge, J.; Zhu, Y. Am. Chem. So2002
123 6349-6356. (b) Chiang, Y. A.; Kresge, J.; Zhu, ¥.Am. Chem. Soc.
2002 123 717-722. (c) Chiang, Y. A.; Kresge, J.; Zhu, ¥. Am. Chem.
Soc.2001, 123 8089-8094.

(19) Nakatani, K.; Higashida, N.; Saito, Tetrahedron Lett1997, 38,
5005-5008.

(20) Modica, E.; Zanaletti, R.; Freccero, M.; Mella, NL. Org. Chem.
2001, 66, 41-52.

(21) Richter, S. N.; Maggi, S.; Colloredo-Mels, S.; Palumbo, M.;
Freccero, MJ. Am. Chem. So2004 126, 13973-13979.

(22) Zanaletti, R.; Freccero, MChem. Commur2002 1908-1909.
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TABLE 2. Synthesis of Chiral Ligands by Photolysis of

Morpholine Diastereomeric Pure BINOLAMs (S,S,9)-2b, (R,S,9)-2b, (S,S,9)-2c,
- . - - and (R,S,S)-2c in the Presence of Achiral Nucleophiles
irradiation time  consumption adduct yield

nucleophile, HN@ (min) (%) (%)e COOR
L-proline-OCH; 10 90 2b, 85 OO r\D Nu
L-proline-O-tBu 10 96 2¢, 99 h
morpholine 15 ) 2d, 100 o v, OH
L-alanine-OCH 40 55 2e 10 *+HNu

aBinolams2a (2 x 10-3 M), amino esters, and morpholine ¢ 102
M) in CHCl,. ® Merry-go-round photoreactor; four lamps 15 W each, 310
nm; ca. 25°C, under Q purged solution® By HPLC analysis (ref 23).

OH
D

COOR

oy

Nu

r Q] LC @ R=Me (S,S5)-2b (S)-2a, 2f-21
(SS9-2b/(RSS-2b = 1:1.¢(SS9-2d(RS9-2¢ = 53:47 from prepara- =t-But (S,S,S)-2¢ > 99%
tive column chromatography22% monosubstituted adducé (d.e. > 99%) (e-e. )
SCHEME 3. Photolysis of the BINOLAMs 2b, 2c, and 2e in irradiation adduct
the Presence of Morpholine, Water, and 2-Mercaptoethanol time consumption yield
L v BINOLAMSs HNu? (min)° (%) (%0)°
OO OO (SS9-2b  HNMed 10 100 ©-2a 100
OH o % OH , onL (SS9-2¢c  HNMe, 10 100 ©-2a, 100
OH OH (SS9-2b  HNEL 30 88 ©-29, 75
OO OO (SS9-2c  HNEL 10 100 §-2g, 100
L L (RS9-2c  HNEt 10 100 R))-2g, 100
(§S9-2c  HN(n-Pr) 10 100 ©-2h, 97
R=CH 2b (§S9-2c  HNPh 120 96 (9-2i, 54
L= N " ¢(CHa)s 2¢ '= -N O 2d (SS9-2b  HNPh 120 81 9-2i, 22
\ ooR 8 (SS9-2b  morpholine 30 83 9-2d, 78
CH -OH 3 (RS9-2c  morpholine 30 100 R)-2d, 100
3 - - i -
)‘ 2 S\/\OH 7a (SS9-2c  morpholine 10 100 9-2d, 100
HN~ ~COOMe (SS9-2b  HS(CHy)0H 30 95 ©-7a 74
) (RS9-2b  HS(CHy).0H 30 95 R-7a 74
(SS9-2c  HS(CHy),OH 10 100 ©-7a, 98
(45%), and an oligomeric residue structurally not well-defined ggg‘_zzg :282 ig g(l) 3)33’ %g
(~20%). The photoreactivity oRa in the presence also of (s'sS)-2c Hzog 10 100 6)-3’ 100
L-valine and.-leucine methyl esters was very similar, displaying  (RS9-2c  H,09 10 100 R)-3, 99

the fc.)rmation of both bis_ .and. mOHOSUb.Stit.UIEd adducts with a Diastereomeric pure BINOLAM£b and 2c (2 x 1072 M) in the
low yield. The product distribution analysis, in Table 1, clearly presence of several nucleophiles 2102 M) in CH.Cl,. b Merry-go-
shows that the mild photochemical-induced displacement of the round photoreactor; four lamps 15 W each, 310 nm; c&@5 By HPLC
dimethylamino group by am-amino ester moiety is highly analysis of the crude reaction mixtufedNMe,-saturated solutiorf: Four
efficient only with L-proline esters and morpholine. Igmps_ 15 W, 360 nm.40% monoalkylated adductH,O/acetonitrile=

In addition, among the 3'Qlisubstituted adduc®b, 2c, and 1:1 mixture.
2¢, only the diastereomeric-methyl [SS9-2b and RSS- Such a reversibility of the photoalkylation process could be
2b] and L-t-butyl esters of proline S 9-2c and R,SS)-2¢] exploited to achieve (i) the synthesis of chiral '3C3H,L-
were easily separated and purified either by crystallization from disubstituted BINOL ligands (Table 2) and (ii) photoinduced
benzene or ethyl acetate and by column chromatography. Thealkylation and cross-linking of DNA using a wide variety of
(§S9-2b and §S9-2cadducts were the first, among the two  structures capable of molecular recognitfén.
diastereoisomers, to be eluted from preparative column chro- Photoactivation of Diastereomeric BINOLAMs (2b and
matography (cyclohexane/ethyl acetate’:3), with very good 2c) as Chiral Alkylating Agents. To explore the feasibility of
de = 99%. Crystallization of the diastereomeric mixture from the first application, mentioned in the previous chapter, we
benzene and ethyl acetate afforded t8&6) and R SS) pure decided to investigate the photochemistry of the purified chiral
isomers, respectively, with a slightly lower purity (8€95%). proline esters§S.9-2b, (SS9-2c and their diastereocisomeric
The absolute configurations oRSS)-2b, (SS9-2b, (RS- counterpartsR,S,9)-2b and R,S9-2c to assess the possibility
2¢, and §S9-2c were assigned by comparison with authentic of using such substrates as chiral sources in the synthesis of
samples synthesized quantitatively starting from chiRd é&nd substituted BINOL ligands. We irradiated the addu8s§,5)-
(9-dibromide4® and proline methyl anttbutyl esters, respec- 2b and §S9-2c at 310 nm (or at 360 nm) in the presence of
tively (see Experimental Section). several achiral secondary amines (such as dimethyl-, diethyl-,

Reversibility of the Photoalkylation Process.The photo- di-n-propyl, diphenylamines, and morpholine), mercaptoethanol
activation of BINOLAMs as bis-alkylating agents is a general in CHxCl,, and in a 1:1 mixture acetonitrile/water, affording
reactivity feature of such substrates, which can be triggered the chiral adductsS)-2a, 2g—2i, 2d, 7a, and3, respectively, in
under very mild photochemical condition$ € 310 nm for good yields,with complete retention of the BINOL moiety
10—15 min, or 360 nm for 3660 min), and most importantly,  configuration(see data in Table Z§.
the alkylation process is photoreversible. In more detail, ligand  Similarly, the photolysis of the adduc®,§S)-2b and RSS)-
exchange (L— L', see Scheme 3) also took place upon 2cat 310 nm in the presence of morpholine, diethylamine, and
irradiation of2b, 2c, and2ein CHClI; solution in the presence - | YR —— Saioel Chiracel
of morpholine and 2-mercaptoethanol n excess or inan aqueous, (39112 € VA et essieg y HPL arayss on s el Cirace
acetonitrile solutions, to yiel@d, 7a,2 and 3, respectively, in

a (24) Work on several water-soluble-a-amino acid derivatives as
good yields £94%). photoreactive DNA cross-linking agents is in progress.

J. Org. ChemVol. 71, No. 10, 2006 3891
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2-mercaptoethanol in Gi€l; and in a 1:1 mixture acetonitrile/
water afforded the chiral adductR)¢2d, 2g, 7a, and3. The

structural and configurational assignment of the above adducts
has been done by comparing their properties, including retention

time on chiral columr? to those of authentic samples already
published*6a.7.8

General Features of the Photosynthetic ProtocolThe
above data show that various 3BNOLAMs including a few
amino acid derivatives are suitable starting materials in a new
and quite general protocol for the synthesis of BINOL deriva-
tives with high enantiomeric purity, on a 6-5.0 mmol

preparative scale (see Experimental Section). The key aspects

of the synthetic protocol described in this article are (i) the
complete retention of the BINOL configuration in the photo-

activation process, (i) the facile separation of the diastereomeric

BINOLAM derivatives bearing proline-t-butyl ester arms, (iii)

the synthesis of the latter with excellent yields starting from
racemic amine€a, and (iv) the quantitative conversion of the
BINOLAMs containing L-proline moieties into final chiral
adducts, using secondary amines, mercaptoethanol, and water.

In addition to these advantages, our photosynthetic protocol also

exhibits a couple of limited drawbacks. The photosubstitutions
of the CH ligand by primary amines (including-alanine,
valine, and leucine methyl esters) display much lower yields.
This probably is due to the higher nucleophilicity of the resulting
adducts (due to their lower steric hindering in comparison to
the adducts resulting from secondary amines), which allow them

to compete with the free primary amines for the photogenerated

. - . g i ’ [ 2a-2c, 6—»&%}| p HNu
transient electrophile. Such a hypothesis is suggested by the O

presence of not well-characterized oligomeric byproducts in the
crude. The protocol works also with aromatic amines, but with
a longer wavelength (360 nm) and with longer irradiation time.
This is caused by the red-shifted absorbance of the aniline
derivatives (in comparison to alkylamines), which suggests to
shift the activation wavelength to 360 nm, where the aromatic
amines do not absorb the radiation. Unfortunately, the BINOL
derivatives exhibit a lower absorbance at the new wavelength.

Mechanistic Insights. The photoactivation of BINOLAMs
2a—2f as bifunctional alkylating agents and the complete
retention of the BINOL moiety configuration are the key aspects
of our synthetic protocol. Therefore, considering worthwhile
the investigation of its mechanism, we run two sets of clarifying
experiments: (i) a product distribution analysis of the photo-
chemical reaction under low conversion of the subs®atand
(ii) laser flash photolysis (LFP) investigations, flashing diluted
CH.Cl; solutions of2a—2c. Running the photochemical reaction
under low conversion conditions (achievable at higher concen-
tration of the precursola [10-2 M]), in the presence of
L-alanine L-proline methyl esters, and morpholine, we have been
able to separate the monoalkylated add@ft§21% yield),2j
(22%), and2k (18%), respectively2f and2j have been isolated
as diastereomeric mixtures, from unreacted starting magaial
(=57%) (Scheme 4). Using highly hindered nucleophiles such
as dii-propylamine, we have been able to isolate from the
reaction mixture only the monoalkylated add@tc{34% yields);
even running the photoreaction under lower concentration of
the precursors (2« 1072 M), no bis-alkylated adduct was
detected in the crude.

QM Detection by LFP. We have shown, in the recent past,
that LFP provides an effective method for direct detection of
electrophilic QMs20-22.25starting from Mannich bases and their
quaternary ammonium salts. More recently, we had demon-
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SCHEME 4. Photochemical Reaction under Low
Conversion Experimental Conditiong

CCm, o0
OH hv OH
OH + HNu OH
L e OO w
2a
Nu= H3CJ 2f
COOMe
N-
E:oo
Q N-
2k
N- 2|

_<

a2a (1072 M), merry-go-round photoreactor, 310 nm;-160 min (four
I amps 15 W), in the presence afalanine and proline methyl esters,
morpholine, and di-propylamine (102 M) in CH.Cl>.
SCHEME 5. Photoactivation Mechanism of the BINOLAMs

2a—2c as Bis-alkylating Agents

OH hv

BINOL-QM
X = NMe, + HNu
R= CH3
N C(CHa)s O
COOR 2a-2c, 6 —>e- 0 4 2 Hu 0
NMes I O - I

Bis-BINOL-QM

strated that LFP of the quaternary ammonium $a{flecc =

266 nm, Nd:YAG laser<10 mJ/pulse) in an aqueous solution
yielded a transient species withhax = 380 nm, which was
confidently assigned to the electrophilic structures BINOL-QM
(Scheme 5, X= NMez™).21 LFP of 2a, under the very same
laser conditions, in a C¥€l, solution, yielded a transient species
displaying a U\ visible absorbance spectra (see Figure 1) very
similar to that obtained from flashing in water solution, but
with a longer lifetime. Since the profile of such a transient
absorbance is not fitted by a single-exponential decay, the
guenching of such an intermediate is complex, and it could
follow multiple reaction pathways in absence of added nucleo-
philes (Figure 1, inset &f. The decay trace becomes a single
exponential only with the addition eafmethyl proline ester and
morpholine (Figure 1, insets b and c). In this case, the decay
traces do not return to baseline, and the residual absorbance is
stable in the time scale of the laser experiments. Nucleophile
addition does not affect the intensity of the transient signal

(25) (a) Di Valentin, C.; Freccero, M.; Zanaletti, R.; Sarzi-Amakfe
J. Am. Chem. So@001, 123 8366-8377. (b) Freccero, M.; Di Valentin,
C.; Sarzi-Amade M. J. Am. Chem. Soc2003 125 3544-3553. (c)
Freccero, M.; Gandolfi, R.; Sarzi-Amadd. J. Org. Chem2003 68, 6411~
6423.

(26) LFP investigation is still in progress, with the aim of searching for
other transient species generated from the BINQM in the absence of
nucleophiles.



Quinone Methides in Synthesis of Chiral BINOL Ligands ]OCArticle

012 | products were obtained as solids or oils from the fractions (by
T a repeating the chromatography in the case of unsatisfactory separa-
a 0101 b tion) or by crystallization from benzene or ethyl acetate.
Q The preparative irradiation d?a in the presence of-alanine

0.08 methyl esters (and similarly in the presence wefaline and

Y0 I — L-leucine) has been performed under very similar conditions.

time/ys > Photochemical Reactions. Preparative IrradiationsTo scale-
0.04 1 up the photochemical synthesis, a solutiorRaf(2 x 103 M) in

2.5 L of a CHCI, solution of L-proline t-butyl esters (2x 1072
M) was flushed with argon for 15 min and then internally irradiated
0.00 : i . in an immersion well apparatus by means of a Pyrex-filtered 500
300 350 400 W medium-pressure mercury arc. The course of the reaqtion was
Anm - monitored by HPITC, and the irradiation continued, for _18 min, until
ca. 90% conversion was reached. Workup and purification of the
FIGURE 1. Absorption spectra recorded by LFR.{x = 266 nm) resulting §S9-2cand R,S9-2c adducts were achieved following
flashing BINOLAMs 2a—2c CH,Cl, solution. Inset: decay traces the above procedure.
monitored at 370 nm, in the absence (a) and in the presence of 3,3-Bis-(2-methoxycarbonylpyrrolidin-1-ylmethyl)-1,1'-bi-
morpholine [(b) 3.5x 10* M, (c) 1.7 x 1073 M]. naphthyl-2,2'-diol (2b).?* 2b was formed as a diastereomeric
mixture (1:1), which was separated by silica gel column chroma-
immediately after the laser pulse, and therefore the nucleophiletography and eluted with cyclohexane/ethyl acetat@:3 in the
does not quench the photoexcited state of the BINOLAM following order: §S5)-2b and after RS9)-2b.
precursors, but only the QM generated from it. (5S9)-2b as a colorless oil*H NMR (300 MHz, CDC}) 4
and2k were detected in the flashed @Bl solutions, together ~ 3-21 (M, 2H), 3.49:3.54 (dd13_= 8.7, 4.8 Hz, 2H), 3.67_(5, 6H),
with unreactec®a. Very similar transient absorbance has been 3.71-3.73 (m, 2H), 3.98 (d) = 13.3 Hz, 2H), 4.37 (d) = 13.3

also detected flashingb and 2c in diluted (2 x 1074 M) ';,ﬁ)%';'g I\Tl\/llg_ Z??I\/Emz 6(';')3’(:15565 2(21_122)5195&%:5;; ';35

CHoCl; solutions. , 64.7,116.5, 122.7,124.8, 125.1, 125.7, 127.3, 127.4, 128.0, 134.0,
The above combined laser flash photolysis data and product153.2, 173.5. Anal. Calcd forGHssN,Os. C, 71.81: H, 6.38: N,
distribution analysis clarified the mechanism of the BINOLAM  4.93; O, 16.88. Found: C, 71.69; H, 6.43; N, 4.91.
photoactivation, suggesting that they act as electrophilic agents (RSS)-2b as a colorless oil*H NMR (300 MHz, CDC}) &
through a sequential and stepwise QM generation (Scheme 5).1.83-2.01 (m, 4H), 2.19-2.26 (m, 2H), 2.542.62 (m, 2H), 3.08
Moreover, these data ruled out the possibility of a photochemical 3.15 (m, 2H), 3.433.46 (dd,J = 9.12, 6.2 Hz, 2H), 3.67 (s, 6H),
generation in a single step of a bis-alkylating bis-BINOL-QM 3.70-3.73 (m, 8H), 3.81 (d, 2H) = 13.1 Hz), 4.51 (dJ = 13.1
as a reaction intermediate. This mechanistic observation alsoHz, 2H), 7.14-7.28 (m, 6H), 7.66 (s, 2H), 7.70 (d,= 7.7 Hz,
provides a logical basis for retention of the BINOL'’s config- 2H). *C NMR (75 MHz, CDC}) 0 23.1, 29.4, 52.0, 52.7, 57.7,
uration after substitution. In fact, monoalkylating BINOL-QM ?ggz'zli%gli”i 1§4|'60’| %25'0‘ 1’3'5(')8‘_ 1c2:7'741' é?g ézgé_l'le“'o'
displays all the structural features that, similarly to BINOL .2, 173.5. Anal. Called for LHseN:0s: C, 71.81; H, 6.38; N,

derivativ revent racemization b nformational ilibra 4.93; 0, 16.88. Found: C, 71.49; H, 6.40; N, 4.88.
€ €s, preve c ation by conforma equ Chiral HPLC analysis (Daicel Chiralcel OD-R250 4.6 mm,

0.02 1

tion through G—Cy’ bond rotation. eluent CHCN/0.5 M NaCIQ = 3:2, flow rate 0.5 mL/min) was
) also used to assign the absolute configuration of the diastereomeric
Conclusion adducts §S59-2b,2c and RS9-2b,2c by time retention tg)

We h d ibed ild and | tocol for th comparison of the enantiomeric adducts arising from the irradiation
€ have described a new mild and general protocol for the i, o presence of morpholineR)-2d, tg = 29.1min; §)-2d, tr =

synthesis of chiral BINOLAMsZ), tetradentate alcohol ligand 32.3 min], water [R)-3, tz = 10.5 min; R)-3, tz = 12.6 min], and

(3), and 3,3-dISUbStItuted BINOL th|oether§I W|th Vel‘y h|gh mercaptoethan0| R)-?a tR = 19.6 m|n’ @-7& tR =217 m|n]
ee, taking advantage of (i) the facile separation of the diaster- with authentic chiral samples prepared from the chig43 and
eomeric BINOLAMs2b and2c mixtures containing.-proline (R)-3 alcohols following published procedute.
ester moieties (with de= 99%) and (ii) their mild photoacti- 3,3-Bis-(2t-Butoxycarbonylpyrrolidin-1-ylmethyl)-1,1 '-bi-
vation as bis-alkylating agents through the generation of LFP naphthyl-2,2-diol (2c). (SS9)-2c as white crystals: Mp 87:5
detectable chiral quinone methide, with complete retention of 89.0 °C (from benzene)!H NMR (300 MHz, DMS0)¢ 1.35-
the BINOL mo|ety Configuration_ 1.45 (S, 18H), 1.661.95 (m, 6H), 2.16-2.28 (m, 2H), 2.853.00
(m, 2H), 3.30-3.45 (m, 4H), 3.77 (dJ = 13.2 Hz, 2H), 4.32 (d,

. . J=13.2 Hz, 2H), 6.876.95 (d, 2H), 7.16-7.30 (m, 6H), 7.86-

Experimental Section 7.85 (m, 2H)23C NMR (75 MHz, DMSO)0 23.1, 27.6, 29.3, 52.3,
Photochemical Reactions. Small-Scale IrradiationsThe typi- 56.9, 67.7, 81.0, 115.9, 122.5, 124.0, 125.7, 126.9, 127.6, 133.3,

cal procedure for the photochemical synthesis of BINOLAMSs is 153.2, 179.9. Anal. Calcd for gHsgN2Os: C, 73.59; H, 7.41; N,
as follows. A solution of BINOLAMs 2a—2c, 2 x 1073 M) and 4.29; O, 14.70. Found: C, 73.48; H, 7.42; N, 4.24.
a nucleophile (amines, thiols, or amino esters, 2072 M) in 200 (RS9-2c as white crystals: Mp 99:5101 °C (from ethyl
mL of CH,CI; (or in CH;CN/H,0) was poured into 20 Pyrex tubes, acetate)!H NMR (300 MHz, DMSQO)6 1.30-1.51 (s, 18H), 1.66
flushed with argon for 5 min, and externally irradiated by means 1.90 (m, 6H), 2.16-2.25 (m, 2H), 2.96-3.00 (m, 2H), 3.36-3.45
of four 15 W phosphor-coated lamps (center of emission 310 nm) (m, 4H), 3.81 (d,J = 13.4 Hz, 2H), 4.28 (dJ = 13.4 Hz, 2H),
for 10—40 min or by means of four 15 W phosphor-coated lamps 6.90-7.00 (d, 2H), 7.16-7.25 (m, 6H), 7.86-7.95 (m, 2H).13C
(center of emission 360 nm) for 28.00 min in a merry-go-round NMR (75 MHz, DMSO)¢ 22.9, 27.6, 29.2, 52.5, 56.9, 65.9, 80.8,
apparatus. The irradiated solution was evaporated under reduced 15.8, 122.4, 124.3, 125.5, 127.0, 127.7, 133.5, 153.1, 179.8. Anal.
pressure, and the residue was purified by chromatography on silicaCalcd for GoHsgN2Os: C, 73.59; H, 7.41; N, 4.29; O, 14.70.
gel 60 HR, eluting with cyclohexane/ethyl acetate mixtures. The Found: C, 73.51; H, 7.40; N, 4.21.
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Thermal Synthesis of Enantiopure §,S,5)-2¢c and R,S,S)-2c.
A solution of L-prolinet-butyl ester (423 mg, 2.5 mmol) and the
racemic 3,3dibromo-1,1-binaphthyl-2,2diol (500 mg, 1.16

Colloredo-Mels et al.

reflux for 24 h. After cooling, the solid was filtered off, the solution
was evaporated, and the product was purified by column chroma-
tography (cyclohexane/ethyl acetate98:2) to give2i (36.3 mg,

mmol) was added slowly, at room temperature, to a stirred suspen-0.06 mmol yield 20%) as a colorless ofti NMR (300 MHz,

sion of potassium carbonate (325 mg, 2.35 mmol) in,Clkl (25
mL). Then the stirring mixture was refluxed for 5 h, and after this
period, the carbonate was filtered off from the solution, which was
concentrated to give a yellow oil. This oil was crystallized from
diethyl ether to give a 1:1S9-2cand R,SS)-2c mixture as solid
white crystals.

CDCl) ¢ 5.25 (s, 4H), 5.97 (s, 2H acids), 767.12 (m, 8H),
7.23-7.38 (m, 18H), 7.82 (dJ = 7.9 Hz, 2H), 8.00 (s, 2H):3C
NMR (75 MHz, CDCh) 6 53.1, 111.7, 121.1, 121.94, 123.92, 124.0,
126.5, 126.8, 128.2, 128.4,129.1, 129.3, 132.6, 147.9, 151.1. Anal.
Calcd for GgHszeNoO,: C, 85.16; H, 5.59; N, 4.32; O, 4.93.
Found: C, 85.07; H, 5.63; N, 4.30.

The diastereoisomers have been separated and purified by column  1-(3-Dimethylaminomethyl-2,2-dihydroxy-[1,1']binaphtha-

chromatography (cyclohexane/ethyl acetat@:3) eluting them in
the following order: first §S9-2c and then R,S9-2c.
General Thermal Synthesis of 2b and 2eThe very same

lenyl-3-ylmethyl)-pyrrolidine-2-carboxylic Acid Methyl Ester
(2j). A solution of 2a (0.35 g, 0.87 mmol) and-proline-methyl
ester (0.11 g, 0.87 mmol) in 90 mL of GHI, was stripped with

protocol described above was also followed for the synthesis of argon, poured into Pyrex tubes, and irradiated for 60 min. After

2b and2e
2-({2,2-Dihydroxy-3'-[(1-methoxycarbonylethylamino)-meth-
yl]-[1,1']binaphthalenyl-3-yImethyl} -amino)-propionic Acid Meth-
yl Ester (2e). (§S9-2e as a yellow oil:'H NMR (300 MHz,
CDCls) 6 1.35 (d,J = 7.1 Hz, 6H), 3.56 (gJ = 7.1 Hz, 2H), 3.79
(s, 6H), 4.18 (dJ = 14.0 Hz, 2H), 4.30 (dJ = 14.0 Hz, 2H),
7.10-7.35 (m, 6H), 7.76:7.90 (m, 4H).3C NMR (75 MHz,
CDCly) 6 18.8,51.3,52.2,55.3,117.4, 123.7, 124.5, 124.8, 126.1,
127.7, 127.8, 128.2, 133.8, 153.4, 174.6. Anal. Calcd for
CagH3:N-06: C, 69.75; H, 6.24; N, 5.42; O, 18.58. Found: C, 69.63;
H, 6.28; N, 5.40.

(RS9-2eas a yellow oil:'H NMR (300 MHz, CDC}) ¢ 1.33
(d,J= 7.1 Hz, 6H), 3.56 (9] = 7.1 Hz, 2H), 3.68 (s, 6H), 4.10
(d, 3 = 14.1 Hz, 2H), 4.37 (dJ = 14.1 Hz, 2H), 7.16-7.35 (m,
6H), 7.70-7.90 (m, 4H)13C NMR (75 MHz, CDC}) 6 19.0, 51.4,

52.1,55.4, 117.6, 123.1, 124.4, 124.7, 126.1, 127.8, 127.8, 128.2,

129.9, 154.6, 175.0. Anal. Calcd forsgEizoN-,Og: C, 69.75; H,
6.24; N, 5.42; O, 18.58. Found: C, 69.69; H, 6.27; N, 5.44.
2-[(3'-Dimethylaminomethyl-2,2-dihydroxy-[1,1']binaphtha-
lenyl-3-ylmethyl)-amino]-propionic Acid Methyl Ester (2f).
L-Alanine methyl ester (0.66 g, 6.4 mmol) a2a(0.43 g, 1.1 mmol)
were dissolved in 100 mL of Ci€l,. The solution was purged
with argon, poured into Pyrex tubes, and irradiated for 20 min.
After this time, the solution was evaporated and purified by column
chromatography (cyclohexane/ethyl acetatel:1), giving the
reactant2a (0.245 g, 0.63 mmol, 57%) and a pale yellow @f,
(0.11 g, 0.24 mmol, 21.5% yield), as a 1:1 diastereomeric mixture.
(S9-2f as a yellow oil:!H NMR (300 MHz, CDC}) 6 1.35 (d,
J = 7.4 Hz, 3H), 2.39 (s, 6H), 3.50 (d,= 7.4 Hz, 1H), 3.82 (s,
3H), 3.90 (AB system, 2H), 4.36 (AB system, 2H), 7.3 (m, 6H),
7.7 (s, 2H), 7.79 (dJ = 7.2 Hz, 2H).13C NMR (75 MHz, CDC})

0 19.0, 44.2, 514, 52.1, 55.1, 63.1, 116.1, 117.0, 122.8, 122.9,

this time, the solution was evaporated and purified by column
chromatography using ethyl acetate as eluent affording unreacted
2a(0.210 g, 0.52 mmol, 60%) an?j (92.7 mg, 0.19 mmol 22%
yield) as a 1:1 $9+(R,S diastereomeric mixture.§9-2j: H
NMR (300 MHz, CDC}) 6 1.86-2.00 (m, 3H), 2.19-2.30 (m,
1H), 2.38 (s, 6H), 2.552.70 (m, 1H), 3.143.21 (m, 1H), 3.52
(dd,J=9.1, 5.3 Hz, 1H), 3.67 (s, 3H), 3.77 (AB systeirs 11.6
Hz, 2H), 4.00 (dJ = 13.4 Hz, 1H), 4.13 (dJ = 13.4 Hz, 1H),
7.16-7.28 (m, 6H), 7.64 (s, 1H), 7.66 (s, 1H), 7.79 (U= 7.8
Hz, 2H); 13C NMR (75 MHz, CDC}) 23.1, 29.4, 44.2, 51.9, 52.6,
57.6, 63.0, 65.0, 116.4, 117.4,122.68, 122.72, 123.1, 123.5, 124.5,
124.7,125.1, 125.76, 125.84, 127.31, 127.39, 127.57, 128.7, 129.6,
133.90, 133.94, 153.3, 153.6, 173.5. Anal. Calcd fegHgN2Oq:
C, 74.36; H, 6.66; N, 5.78; O, 13.21. Found: C, 74.48; H, 6.79; N,
5.82.
(R9-2j: *H NMR (300 MHz, CDC}) 6 1.86-2.00 (m, 3H),
2.19-2.30 (m, 1H), 2.38 (s, 6H), 2.558.70 (m, 1H), 3.143.21
(m, 1H), 3.52 (ddJ = 9.1, 5.3 Hz, 1H), 3.67 (s, 3H), 3.79 (@@=
12.7 Hz, 1H), 4.00 (dJ = 13.4 Hz, 1H), 4.13 (dJ = 13.4 Hz,
1H), 4.38 (d,J = 12.7 Hz, 1H), 7.16-7.28 (m, 6H), 7.64 (s, 1H),
7.66 (s, 1H), 7.79 (d) = 7.8 Hz, 2H).13C NMR (75 MHz, CDC})
23.1,29.3,44.2,51.9,52.6,57.7,63.1, 65.1, 116.4, 117.4, 122.68,
122.72, 123.5, 124.4, 124.5, 124.7, 124.9, 125.76, 125.84, 127.0,
127.4, 128.1, 128.7, 129.6, 133.90, 133.93, 153.3, 153.6, 173.4.
Anal. Calcd for GgH3N-O4: C, 74.36; H, 6.66; N, 5.78; O, 13.21.
Found: C, 74.45; H, 6.77; N, 5.80.
3-Dimethylaminomethyl-3'-morpholin-4-ylmethyl-[1,1']bi-
naphthalenyl-2,2-diol (2k). 2a (0.41 g, 1.0 mmol) and morpholine
(0.87 mL, 1.0 mmol) were dissolved in 100 mL of gH,. The
resulting solution was stripped with argon, poured into Pyrex tubes,
and irradiated for 60 min. After this time, the solution was
evaporated and purified by column chromatography (GH€rOH

124.4,124.63, 124.65, 124.74, 124.79, 125.5, 125.9, 126.0, 127.49 = 95:5) to give 79.7 mg (0.18 mmol, 18% yield) of a colorless oil

127.54, 127.59, 127.8, 128.2, 133.8, 153.2, 153.8, 174.9. Anal.

Calcd for GgH3gNoO4: C, 73.34; H, 6.59; N, 6.11; O, 13.96.
Found: C, 73.42; H, 6.61; N, 6.16.

(R,9-2f as a yellow oil:*H NMR (300 MHz, CDC}) 6 1.37 (d,
J= 7.4 Hz, 3H), 2.41 (s, 6H), 3.50 (d,= 7.4 Hz, 1H), 3.84 (s,
3H), 3.95 (AB system, 2H), 4.34 (AB system, 2H), 7.3 (m, 6H),
7.7 (s, 2H), 7.81 (dJ = 7.2 Hz, 2H).13C NMR (75 MHz, CDC})

0 18.9, 44.2, 51.5, 52.1, 55.5, 63.1, 116.1, 116.9, 122.8, 122.9,

(2k) and unreacted starting material (0.28 g, 0.68%4)NMR (300
MHz, CDCL) 6 2.40 (s, 6H), 2.67 (m, 4H), 3.713.81 (m, 4H),
3.83 (d,J = 13.6 Hz, 1H), 3.89 (dJ = 13.8 Hz, 1H), 4.10 (d) =

13.6 Hz, 1H), 4.16 (dJ = 13.8 Hz, 1H), 7.16:7.28 (m, 6H), 7.65

(d, 3= 5.6 Hz, 2H), 7.79 (dJ = 8.0 Hz, 2H).13C NMR (75 MHz,
CDCly) 0 44.2, 52.9, 63.3, 63.1, 66.5, 116.2, 116.7, 122.8, 122.9,
123.1, 124.4, 124.6, 124.7, 125.8, 126.0, 127.5 (2C), 127.6, 128.0,
128.1, 128.2, 133.7, 133.9, 153.1, 153.8. Anal. Calcd for

124.4,124.63, 124.65, 124.74, 124.79, 125.5, 125.9, 126.0, 127.49,CogH30N,03: C, 75.99; H, 6.83; N, 6.33; O, 10.85. Found: C, 76.09;
127.54,127.6, 127.8, 128.2, 133.7, 153.3, 153.8, 174.9. Anal. CalcdH, 6.88; N, 6.29.

for CogHzgN-O4: C, 73.34; H, 6.59; N, 6.11; O, 13.96. Found: C,
73.39; H, 6.58; N, 6.14.

The chiral R) and ) alkylation adduct®a, 2g, 2h, and3 have
been previously reportédind were characterized by comparison
with an authentic sample or by comparison of tHeand3C NMR
spectroscopic data and retention time on chiral column.

3,3-Bis-(diphenylaminomethyl)-1,2-binaphthalenyl-2,2 -di-

ol (2i) from a Thermal Synthesis. A solution of 3,3-dibromo-
methyl-1,1-binaphthyl-2,2diol (4, 0.12 g, 0.28 mmol) and diphen-
ylamine (0.17 g, 1.01 mmol) in 10 mL of GBI, containing a
suspension of anhydrous MzO; (1.1 g, excess) was heated to
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3-[(Di-i-propylamino)-methyl]-3'-dimethylaminomethyl-[1,1]-

binaphthalenyl-2,2-diol (2I). 2a (0.39 g, 0.97 mmol) and di
propylamine (0.10 g, 0.14 mL, 1.0 mmol) were dissolved in 100
mL of CH,Cl,. The obtained solution was purged with argon,
poured into Pyrex tubes, and irradiated for 10 min. After this time,
the solution was evaporated and the crude was purified by column
chromatography (CH@li-PrOH= 95:5) to yield2! (0.15 mg, 0.33
mmol, 34% yield) as a colorless oil and unreacted starting material
2a(0.23 g, 58%)1H NMR (300 MHz, CDC}) 6 1.16 (m, 12H),
2.35 (s, 6H), 3.283.18 (m, 2H), 3.86 (dJ = 13.6 Hz, 1H), 4.01
(d,J=13.6 Hz, 1H), 4.05 (dJ = 14.3 Hz, 1H), 4.26 (dJ = 14.3
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Hz, 1H), 7.15-7.28 (m, 6H), 7.63 (s, 1H), 7.66 (s, 1H), 7.77.4d,  13C NMR (75 MHz, CDC}) 6 30.6, 33.9, 59.9, 111.8, 123.4, 123.4,
= 7.5 Hz, 2H).23C NMR (75 MHz, CDC}) 6 18.8, 20.6, 44.3,  126.3, 126.4, 127.1, 128.2, 129.9, 132.2, 150.3.

47.8, 49.3, 63.2, 116.1, 116.5, 122.5, 122.6, 124.4, 124.5, 124.8, _ .

125.6, 127.3, 127.5, 128.06, 128.11, 133.5, 133.6, 153.7, 154.4. Acknowledgment. This research was supported in part by

Anal. Caled for GeHsgN»O»: C, 78.91; H, 7.95: N, 6.13; 0, 7.01.  Pavia University (FAR 2004).

Found: C, 78.80; H, 7.89; N, 6.03. . . .
g P Y D Supporting Information Available: H NMR, 3C NMR, and
3,3-Bis-(2-hydroxyethylsulfanylmethyl)-L,1-binaphthalenyl-  5CpT 135 fo the destoreoneric BINOL AMSES-2b, (REG-

2,2-diol (7a):?* Colorless oil.*H NMR (300 MHz, CDC}) 6 2.28 2b, (SS9-2¢, and RSS-2¢. This material is available free of
(broad s, 2H acids), 2.7#12.91 (m, 4H), 3.62 3.78 (m, 4H), 4.01 charge via the Internet at http://pubs.acs.org.

(d,J=13.0 Hz, 2H), 4.13 (d) = 13.0 Hz, 2H), 6.20 (broad s, 2H
acids), 7.30 (m, 2H), 7.50 (m, 2H), 7.55 (m, 2H), 780 (m, 4H). JO060227Y
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