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Abstract: Antibody 38C2 catalyzed eetro-aldol process upon dendritic modified aliphatic polyesters. This
catalytic system was studied in detail and displayed rate enhancerkgfits,ca; Of greater than 10 These
antibody-catalyzed reactions took place in a stepwise manner yielding partially modified aldol-dendrimers
until a fully substituted aldehyde dendrimer was formed. The catalytic antibody 38C2 only reacted with surface-
exposed aldol moieties and did not significantly interact with the core groups for derdlrams8. For a

higher generation dendrdhthe rate of unmasking slightly decreased presumably due to steric crowding of
the aldol functionalities. In addition, catalytic antibody 38C2 was able to selectively differeblaiehybrid
dendrons and was regiospecific in thetro-aldol reaction of dendro21. This is an inaugural report of a
catalytic antibody utilizing dendrimers as substrates and suggests that antibodies could be used as selective
catalysts for the controlled release and activation of specific molecules attached to biodegradable polymeric
materials. Furthermore, this is the first example of catalytic antibody 38C2 displaying regioselectivity on a
multifunctional aldol substrate. Important for synthetic applications is the antibody’s ability to selectively
differentiate regions on dendritic substrates and produce partly aldol functionalized dendrons under conditions
mild enough to avoigs-elimination.

Introduction Dendritic macromolecules with a hydrophobic interior and
hydrophilic chain ends have been prepared. These molecules
were shown to behave as unimolecular micelles capable of
solubilizing various compounds in aqueous solutidn.

Dendritic unimolecular micelles have been used to encapsu-
IIate drugs inside their hydrophobic interior and release them
slowly into solution® The use of dendrimers in drug delivery
has also been broached via attachment of the drug to the chain
ends of the dendrimer thus allowing a well-defined molecule
qtocarry a high concentration of drdgzventually, a targeting
hfeature may be added to these dendrindiug conjugates by
; : o ; : appending an appropriate ligand to one of the dendritic terminal
antibody-antigen binding or by interactions between the groups. For these applications hybrid dendrons utilizing different

carbohydrate and its receptor found on the cell surface. : .
The interior of dendrimers has also been shown to be capable_prOteCtIng groups that could be selectively removed are of great

0
of encapsulating guest molecules. Several hgsest systems |m$grtincelf ionality i . ity in the bi di
have already been developed. Examples include dendritic hosts | € etolugcngna_l ity 1s agn |mp|orta_mt|mc|)_|ety |gt ehlc(;me_(lj-
with unimolecular (inverted) micellar structuréthe “dendritic cal arena. Indeed, it can be selectively ligated to hydrazide,

box"5 crown ether dendrimefsand cyclophane dendrimets. hydroxy amino, and thiocarbazide groups under physiological

A restricted number of guests, such as rose bengal, can beconditions%1 This process has been shown by Bertozzi et al. to

encapsulated in the “dendritic box” (a fifth generation poly- constitute a method to engineer the composition of the cell

(propylene imine) dendrimer modified with a dense shell of  (4) (a) Newkome, G. R.; Moorefield, C. N.; Baker, G. R.; Saunders:

amino acids) and released by simple modification of the shell. M. J.; Grossman, S. HAngew. Chem., Int. Ed. Endl991 30, 1178. (b)
Hawker, C. J.; Wooley, K. L.; Fghet, J. M. JJ. Chem. Soc., Perkin Trans.
* To whom correspondence should be addressed: (phone) (858) 784-1 1993 1287. (c) Stevelmans, S.; Jansen, J. F. G. A.; van Boxtel, D. A. F.

Dendrimers have attracted much interest due to their unique
architectures and propertiégheir highly branched and well-
defined structure, globular shape, and controlled surface func-
tionality are important characteristics which make them excellent
candidates for evaluation as drug carriers. The surface functiona
groups of dendrimers have been utilized for the conjugation of
various biologically active molecules. Examples include anti-
body? and carbohydrafamoieties that have been conjugated to
poly(amidoamine) dendrimers. Such modifications have afforde
dendrimers that may possess site-specific properties throug

2516; (fax) (858) 784 2595; (e-mail) kdjanda@scripps.edu. G.; de Brabander-van den Berg, E. M. M.; Meijer, E. W.Am. Chem.
(1) (a) Tomalia, D. A.; Naylor, A. M.; Goddard, W. AAngew. Chem., Soc 1996 118 7398. (d) Baars, M. W. P. L.; Kleppinger, R.; Koch, M. H.
Int Ed. Engl.199Q 29, 138. (b) Newkome, G. R.; Moorefield, C. N.; Vogtle,  J.; Yeu, S.-L.; Meijer, E. WAngew. Chem., Int. E200Q 39, 1285.
F. Dendritic molecules: concepts, syntheses, pergsWCH: Weinheim, (5) (a) Jansen, J. F. G. A.; de Brabander-van den Berg, E. M. M.; Meijer,
Germany, 1996. (c) Fohet, J. M. JSciencel994 263 1710. E. W. Sciencel994 266, 1226. (b) Jansen, J. F. G. A.; Meijer, E. L.
(2) (@) Roberts, J.; Adams, Y. E.; Tomalia, D.; Mercer-Smith, J. A.; Am. Chem. Sod 995 117, 4417.
Lavallee, D. K.Bioconj. Chem199Q 1, 305. (b) Sing, P.; Moll, F., IlI; (6) Nagasaki, T.; Kimura, O.; Masakatsu, U.; Arimori, S.; Hamachi, |.;
Lin, S. H.; Ferzli, C.; Kwok, S. Y.; Saul, R. G.; Cronin, Blin. Chem. Shinkai, S.J. Chem. Soc., Perkin Trans.1B94 75.
1994 40, 1845. (c) Barth, R. F.; Adams, D. M.; Soloway, A. H.; Alam, F.; (7) Wallimann, P.; Mattei, S.; Seiler, P.; Diederich Helv. Chim. Acta
Darby, M. V. Bioconj. Chem1994 5, 58. 1997, 80, 2368.
(3) (@) Aoai, K.; Itoh, K.; Okada, MMacromoleculesl995 28, 5391. (8) Liu, M.; Frechet, J. M. JPolym. Mater. Sci. Engl999 80, 167.
(b) Zanini, D.; Roy RJ. Am. Chem. S0d.997 119 2088. (c) Lindhorst, (9) (@) Kono, K.; Liu, M.; Ffehet, J. M. JBioconj. Chem1999 10,
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Scheme 1.retro-Aldo Reaction of Dendro8
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a Conditions: (a) KOH, DMF, 100C, 60% (b) 4-bromobutyryl chloride, TEA, DMAP, GBl,, room temperature, 82%; (c) 4-hydroxyben-
zaldehyde, KCOs;, Nal, DMF, 75°C, 85%; (d) acetone, LDA, THF-78 °C, 85%.

surface in vivo? The formation of hydrazones, in vivo, from In this article, we have prepared 4-hydroxybenzaldehyde-
monosubstituted hydrazines and aldehydes or ketones is aerminated polyester dendrons based on 2,2-bis(hydroxymethyl)-
mechanism for cytotoxin self-assembly. For example, Rideout propanoic acid (bis-MPA). Since the terminal 4-alkoxybenzal-
obtained synergistic cytotoxicity against cultured human tumor dehyde group can be readily oxidized under physiological
cells (HeLa) and bacterigE6écheria coliJ96) by using equal  conditions, the aldehyde was masked as the corresponding aldol
amounts of decanal adtaminoN'-1-octylguanidine (AOG}3 by reaction with acetone. Hybrid dendrons containing different
By contrast, no cytotoxicity was obtained with either decanal aldol moieties were also prepared. To reveal the aldehyde and
or AOG alone. These results are explained by invoking a to add selectivity to the process an antibody based approach
bimolecular reaction in situ between decanal and AOG to form was investigated.

a more cytotoxic hydrazon&l-decylideniminoN'-1-octylguani-
dine.

Catalytic antibody 38C2 was generated using the concept of
“reactive immunization®®® by which the enamine mechanism

On the basis of Rideout’s findings, dendrimers having an of natural aldolases was evoked within the antibody-combining

aldehyde functionality at their surface may be candidates for
cytotoxin self-assembly and chemoselective modifications in cpam.

(14) (a) Launay, N.; Caminade, A.-M.; Lahama, R.; Majoral JARgew.
, Int Ed. Engl1994 33, 1589. (b) Launay, N.; Caminade, A.-M.;

vivo. There have been reports of dendrimers displaying aldehydeMajoral J.-P.J. Org. Chem1996 61, 3799. (c) Galliot, C.; Prédte, D.;

moieties at their surfack¥; however, the biocompatability of

these has not been evaluated. In contrast, dendrimers with arg,

aliphatic polyestéf or polyethet® core would be biodegradable
and thus biocompatibl¥.

(11) (a) Rose KJ. Am. Chem. Sod 994 116, 30. (b) Camme, L. E;
FerreD’Amare, S. K.; Burley, S. B.; Kent. HJ. Am. Chem. Sod.995
117, 2998. (c) Rideout, DCanser Inest.1994 12, 189. (d) Rideout, D.;
Calogeropoulu, T.; Jaworski, J.; McCarthy, Biopolymersl99Q 29, 247.
(d) Shao, J.; Tam, J. B. Am. Chem. Sod 995 117, 3893.

(12) Mahal, L. K.; Yarema, K. J.; Bertozzi, C. Bciencel997, 276,
1125.

(13) Rideout, D.Sciencel986 233 561.

Caminade, A.-M.; Majoral J.-R1. Am. Chem. S0d 995 117, 5470.

(15) (a) lhre, H.; Hult, A.; Sderlind, E.J. Am. Chem. Sod 996 118
88. (b) lhre, H.; Hult, A.; Frehet, J. M. J.; Gitsov, IMacromolecules
1998 31, 4061.

(16) (a) Jayaraman, M.; Feket, J. M. JJ. Am. Chem. S0d 998 120,
12996. (b) Grayson, S. M.; Jayaraman, M. dtet, J. M. JJ. Chem. Soc.,
Chem. Communl999 1329. (c) Haag, R.; Sunder, A.; Stumbk-F.J.
Am. Chem. So@00Q 122, 2954.

(17) (a) Seebach, D.; Herrmann, G. F.; Lebgweiler, U. D.; Bachmann,
B. M.; Amrein, W. Angew. Chem., Int. Ed. Engl996 35, 2795. (b)
Mammen, M.; Choi, S.-K.; Whitesides, G. Mngew. Chem., Int. Ed. Engl.
1998 37, 2754. (c) Ferruri, P.; Knobloch, S.; Ranucci, E.; Vuncan, R;
Gianasi,Macromol. Chem. Physl998 199, 2565. (d) Wroblewski, S.;
Kopeckova, JMacromol. Chem. Phy4.998 199 2601.
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a Conditions: (a) TEA, DMAP, CHKCI,, room temperature, 80% (b) oxalyl chloride, catalyst DMF,.CH room temperature, 99%; (c) TEA,
DMAP, CH.CIl,, room temperature, 65%; (d) 4-hydroxybenzaldehyd&;®, Nal, DMF, 75°C, 85%; (e) acetone, LDA, THF-78 °C, 65%.
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site’®aThrough a reactive lysine buried in a hydrophobic pocket 38C2 is commercially availabié and remains catalytically
at the base of the substrate-binding site, antibody 38C2 catalyzesactive over weeks after injection into migelt was also recently
aldol andretro-aldol reactions at rates approaching those of humanized by Lerner and co-workers and shows promise in
natural aldolase®. However, unlike natural aldolases, antibody anti-cancer therap§? We therefore sought to use the unique
38C2 accepts a wide variety of substrates making it a versatile chemistry of this catalyst for the unmasking of a model aldehyde
tool for asymmetric synthegfsand antibody-directed enzyme  that in theory could be transformed into a cytotoxin. Importantly
prodrug therapy (ADEPT3! Furthermore, the catalytic antibody  we also wanted to investigate the use of catalytic antibodies to
(18) (a) Wagner, J.: Lemer, R, A- Barbas, C. F.Stiencel 995 270, achieve selective remqval of_end-groups on dendritic_ sub;trates.
1797. (b) Wirsching, P.; Ashley, J. A.; Lo, C.-H., L.; Janda, K. D.; Lerner. 10 our knowledge this is the first example of a catalytic antibody

R. A. Sciencel995 270, 1775. acting on a dendritic substrate (Scheme 1).
(19) (a) Barbas, C. F., lll; Heine, A.; Zhong, G.; Hoffmann, T.;

Gramatikova, S.; Bjmstedt, R.; List. B.; Anderson, J.; Stura, E. A.; Wilson,  A.; Bui, T.; Anderson, J.; Lerner, R. A.; Barbas, C. F., JJIAm. Chem.

I. A.; Lerner, R. A.Sciencel997 278 2085. (b) Karlstrom, A.; Zhong, Soc 1999 121, 2783. (d) Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.;

G.; Rader, C.; Larsen N.; Heine, A.; Fuller, R.; List, B.; Tanaka, F.; Wilson Anderson, J.; Gramatikova, S.; Lerner, R. A.; Barbas C. FJ.lAm. Chem.

I. A.; Barbas, C. F., lll; Lerner, R. AProc. Natl. Acad. Sci, U.S.£000 Soc 1998 120 2768.

97, 3878. (21) Shabat, D.; Rader, C.; List, B.; Lerner, R. A.; Barbas, C. F., IlI
(20) (a) Sinha, S. C.; Barbas, C. F., llI; Lerner, R.xoc. Natl. Acad. Proc. Natl. Acad. Sci, U.S.A999 96, 6925.

Sci. U.S.A1998 95, 14603. (b) Zhong, G.; Shabat, D.; List, B.; Anderson, (22) Aldrich Catalog No. 47,995-0.

J.; Sinha, S. C.; Lerner, R. A,; Barbas, C. F.,Alhgew. Chem., Int. Ed. (23) Tanaka, F.; Lerner, R. A.; Barbas, C. F.,JIlAm. Chem. So200Q

Engl. 1998 37, 2481. (c) List, B.; Shabat, D.; Zhong, G.; Turner, J. M.; Li, 122 4835.
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K2CO;s, Nal, DMF, 70°C, (85%); (d) acetone (8 equiv), LDA (8 equiv), THF78 °C, 65% (L8); (e) acetone (1.5 equiv), LDA (1.5 equiv), THF,
—78°C, 50% (9); (f) acetophenone (1.5 equiv), LDA (1.5 equiv), THF/8°C, 55% @0); (g) acetone (3 equiv t@0), LDA (3 equiv to20), THF,
—78°C, 45% @1).

Results and Discussion synthesized as shown in Scheme 3. Starting with bis-MPA,
esterification with 4-bromobutyryl chloride (TEA, catalytic

Synthesis of Aldehyde and Aldol Functionalized Dendrons. DMAP, CH,Cl,, 80%) followed by treatment of oxalyl chloride

Sésnmﬁ ;Y@i;:g;%rl'yzztg‘é 2?;,022(;%6{5'thgriggnzﬂfnsf;)’f formed acid chloride5 in 99% yield. Esterification of diol
Hult et al*® have developed methodologies for the synthesis of using an excess & (TEA, cata_lytlc DMAP, Cucb’ 55%)
these types of dendrimers based on a convergent growthProduced the second generation dendnUsing similar
approachc Another suitable polyester dendritic core is based Procedures as described f@& and 4, etherification with
on 3-hydroxybutanoic acid and trimesic acid, which Seebach 4-hydr0xybenzald_ehyde gave the t_GIr_c’ialdth/(d&S% yield),
et al. have shown to be biodegradabie. and reaction o¥ with 8 equiv of thg I|th|um enole}te of acgtone
Dendrons3 and4 were prepared as shown in Scheme 2. Bis- 92ve tetraaldo8 (65% vyield). _Matrlx ASS|sted-T|me-of-l_:I|ght
MPA was converted to benzyl estérby first forming the MS (MALDI TOF MS) analysis of7 and8 showed only single
potassium salt with KOH, and in a second step reacting the P€aks corresponding t@+Na" (1240 Da) and3+Na" (1472
salt with benzyl bromidd® Diol 1 was then esterified with ~ D), respectively. This methodology also allows increasing
4-bromobutyryl chloride (triethylamine (TEA), a catalytic generations of ben;aldehyde-functlonallze.d polyester dendrons
amount of 4-(dimethylamino)pyridine (DMAP), GBl,, 82%) to be fo_rmed by using benzyl-protected bis-MPA dendtehs
followed by etherification with 4-hydroxybenzaldehydeQQOs, as starting materials.
Nal, DMF, 85%) to form bis-aldehyd& The aldol reaction of Partially aldol-functionalized dendrons, such@§Scheme
3 with 4 equiv of the lithium enolate of acetone gave dendron 4) and [G#2]-trialdol10 (Figure 1), for kinetic and HPLC
4 in 85% vyield. The second generation dendr@rend8 were analysis, were synthesized by dissolvid@r 7, respectively,
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Figure 1. Functionalized dendronk0, 13 and 14.

in acetone and adding 10% (v/v) of 1% (w/v) agueous NaOH
at 0°C.24In contrast to the LDA-promoted aldol formation in
THF, p-elimination of the aldol product was a competing
reaction.

Antibody Catalysis with Dendrimer Substrates. We first
investigated the specificity of catalytic antibody 38C2 with
monomer substrates RUS)-hydroxy-4-(4-methoxyphenyl)-
butan-2-onel1) and 4-methoxybenzaldehydE, respectively
(Scheme 8). The MichaekdVienten and LineweaverBurke
plots of theretro-aldol reaction at 23C are depicted in Figure
2, parts a and b, respectively. Antibody 38C2 catalyzedetie-
aldol of 11 following Michaelis—Menten kinetics Kzo: = 0.29
min~! andKy = 1.1 mM). The uncatalyzed rate of thistro-
aldol reaction was determined to be 26107 min~! (100
mM PBS buffer at pH 7.4). The relative rate enhancement over
background provided by the antibody for this reactiQg/kunca)
was 1.1x 10 and the specificity constankg/Ky) was 264
min—1 M~1. Comparing the specificity of antibody 38C2 fbt
with that of (45-hydroxy-4-(4-isobutylamidophenyl)butan-2-
one Keaf Ky = 5.2 x 10° min~t M~1)2dimplies that the change
from a 4-amidophenyl group to a 4-methoxyphenyl group lowers
the specificity of the antibody by a factor 6f20. Importantly,
catalytic antibody 38C2 also displayed stereoselectivitylfior
At 80% conversion of theetro-aldol reaction, the unconverted
(R)-11was obtained in 88% ee as determined by chiral HPIC.
Interestingly, the aldol reaction formingl was ~145 times
slower compared to theetro-aldol reaction ofLl1. The kinetic
parameters for the aldol reaction i werekg = 0.002 mirr!
andKy = 1.2 mM at an acetone concentration of 1 M. The
specificity constantkz/Ky) was 1.7 mimt M~ and the rate
enhancement over backgroundafkunca) Was 4 x 10°. Both
reactions were completely inhibited by the addition of 2 equiv
of butan-2,4-dione or 6-(4cetamidophenyl)hexan-2,4-diolé%

(24) Shokat, K.; Uno, T.; Schultz, P. G. Am. Chem. S0d994 116,
2261.
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Figure 2. (a) Michaelis-Menten diagram for theetro-aldol reaction

of 11 (Scheme 8) at 28C in PBS buffer at pH 7.4 ([lgG¥ 0.2uM).

The initial rates were determined by HPLC (VYDAC reverse phase
Cig-column, 20:80 acetonitrile:D (0.1% TFA),» = 1.5 mL/min,Aaps

= 276 nm) with 4-methoxyacetophenone as standard. (b) The Lin-
eweaver-Burke plot of the above reactioi(, = 1.1(+0.01) mM and

Keat = 0.29(-0.01) mir?).

1
0.005

Over-oxidation ofll to the corresponding benzoic acid was
not observed.

The time progress for the antibody 38C2-catalyzetio-
aldol reaction o# at 25 and 37C is shown in Figure 3, parts
a and b, respectively. The product formation follows the pattern
of a consecutive reaction, whe®e(Scheme 4) is a transient
intermediate that appears and is then consuthethtibody
38C2 also displayed a higher activity at 32 compared to 25
°C. The rate constank;, for reaction of4 to 9 was derived
from eq | by plotting In[A] against time, the slope of the straight
line being equal td;. Solving eq Il gives the rate constah,
for the transformation d® to 3. This was performed by plotting
In[B] against time where the slope of the linear region after the
faster process has died out gives the rate constant of the slower
process (Figure S1, Supporting Informatidh).

[A] =[A] x exp(=kyt) 0
[B] = [Al g x ky/(ky = k;) x (exp(=K;t) — exp(=kyt)) (Il)
The values fork; andk, at 37°C were 0.69 and 0.037A,

respectively, hence intermedié@avas formed 22 times faster
than it was converted t8. The half-life ¢12) of 4 was 1 h.

(25) Fersht, A. InEnzyme Structure and Mechanis2md ed.; Freeman
and Company: New York, 1992; p 133.
(26) In ref 27, p 183.
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Figure 3. (@) The time progress of the antibody 38C2-catalyzed ([IgG]
= 0.4 uM) retro-aldol reaction o# (25 uM) in PBS buffer at 25°C.

(b) The time progress of the antibody 38C2-catalyzed ([IgGD.2
uM) retro-aldol reaction of4 (25 uM) in PBS buffer at 37°C. The
consumption ot and production 0® and3 were measured by HPLC
(VYDAC reverse phase fg-column, 52:48 acetonitrile® (0.1%
TFA), v = 1.5 mL/min,Aaps= 276 nm) with naphthalene as standard.

Table 1. Kinetic Parameters at [SF 25uM and [IgG] = 0.2uM
for the Retroaldol Reaction in PBS Buffer at pH 7.4

temp vi? kcat, ap;’i’ Kuncat kcat, ap;é
substrate (°C) (uM/min) (min~Y)  (min Y ncat
9 25 0.08 0.20 n.d. n.d¢
9 37 0.22 0.55 n.d. n.d¢
4 25 0.13 0.35 n.d. n.d¢
4 37 0.40 1.00 0.8 10°% 1.3x 1¢°
8 25 0.10 0.25 n.d. n.d¢
8 37 0.28 0.70 0.6<10% 1.1x 1¢°

a Determined by HPLCP Described in terms of apparent rate due
to substrate solubility limits¢ Not determinedd No product detected
after 7 days reaction time.

Antibody 38C2 showed multiple turnovers (63 per active site)
and high conversion, 98% dfto 3 within 67 h.

J. Am. Chem. Soc., Vol. 123, No. 3482881

8
A
B
10 13 14 7
13 14 7
C
0O O
PN
* D
.
J
| | | | |
minutes

Figure 4. The product formation of theetro-aldol reaction o8 (25
uM) in PBS buffer at 37°C after 24 h reaction time: (A) the
uncatalyzed reaction; (B) antibody 38C2-catalyzed reaction ([lgG]
0.4 uM); (C) antibody 38C2-catalyzed reaction ([Ilg&] 5 uM); and

(D) complete inhibition of the antibody 38C2-catalyzed reaction in part
C ([lgG] = 5 uM) by addition of 3 equiv of pentan-2,4-dione. The
analysis was performed by HPLC (VYDAC reverse phaged@Glumn,
55:45 acetonitrile/BED (0.1% TFA),v = 1.5 mL/min,Aaps= 276 nm).

investigation of this reaction. Consequently, reactions above this
concentration could not be performed. Despite this, catalytic
antibody 38C2 displayed good catalytic proficiency for sub-
strates, 4, and8 (Keat,apgkuncar= 1 x 10°). Control experiments
demonstrated that nonspecific antibody or bovine serum albumin
did not catalyze any of the reactions described. However,
increasing the temperature from 25 to®7increased the rates
by a factor of~3 for all substrates. Since ti&, for acetone is
approximatet 1 M in thealdol reaction, the equilibrium between
the aldol and its precursors favorgtro-aldolization. The
uncatalyzed reaction was nonexistent at /29 dendrimer
concentration and no product formation could be observed even

The relevant kinetic parameters of antibody 38C2 are after 7 days of incubation at 28C. The initial rate for4 as
presented in Table 1. The initial rates are calculated for the first compared t® was~2 times greater and the specific concentra-
step in the sequential reactions, for example, the conversion oftion of aldol adduct was also 2 times greater #&(50 uM)

8to [G#2]-trialdol (L0) in the overall reaction 08 to 7. It should
be noted that the solubility limit (26M) of the apolar dendritic

substrates created a limitation with regards to our kinetic

(27) Fersht, A. InEnzyme Structure and Mechanis2md ed.; Freeman
and Company: New York, 1992.

(28) The enantioselectiveity was not determined for the dendritic
substrates.

than for9 (25 uM).
S=vplvg = (Kol Kl (Keaf Kids < [AV[B]  (111)
Thus, the specificity ratio between two competing substrates

can be expressed as the ratio of their specificity consants.
The specificity ratio has here been derived as the ratio of the
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A t=48 h ,AK ‘
| | L,
14 7 0 10 20
: minutes
\ A A t=72 h Figure 6. The product formation of theetro-aldol reaction ofL8 (25
IJ - uM) in PBS buffer at 37°C: (A) the starting pointt(= 0 h); (B)
| 1 1 |

antibody 38C2-catalyzed reaction ([lg& 1.0 uM) after 24 h; and

(C) the uncatalyzed reaction after 24 h. The analysis was performed
by HPLC (VYDAC reverse phase;g&column, 55:45 acetonitrile 4D
(0.1% TFA),» = 1.5 mL/min, laps = 276 nm).

o 10 =20 BO -1 O

minutes

Figure 5. The time progress of the antibody 38C2-catalyzed ([IgG]
= 5 uM) retro-aldol reaction ofg (25 uM) in PBS buffer at 37°C.
The analysis was performed by HPLC (VYDAC reverse phage C
column, 55:45 acetonitrile/water (0.1% TFA)= 1.5 mL/min,Adaps=
276 nm).

8 can be seen in Figure 4. Here thetro-aldolization of8 is
shown after 24 h of reaction time (PBS buffer, 32Z). The
HPLC trace A represents the uncatalyzed reaction. Clearly
evident is that no significant amounts of product could be
observed. In trace B, the antibody concentration wasu/M4
and productd0, [G#2]-dialdol (L3), [G#2]-monoaldol 14) (see
Figure 1), and7 could be observed. When the antibody

initial rates in a combined incubatio® & va/vg) eq lll. If [A]

is the specific concentration o4 and [B] is the specific
concentration o9, their specificity ratio can be calculated. Using
this equation a specificity ratio okdat,apfKm)a/(Keat, appkm)e = concentration was increased teBl the retro-aldolization rate

1 betweert and9 was founc?” Hence, antibody 38C2 did not  increased proportionally (trace C). However, increasing the
show any significant discrimination within the same generation antibody concentration to 10M did not significantly change

of substrates. However, antibody 38C2 may show a high the product distribution after 24 h. In diagray 3 equiv of

stereoselectivity for the surface exposed ald#i28The initial
rate for8 compared to the initial rate gfwas 1.4 times lower
and compared to the initial rate & was 1.3 times higher.

pentan-2,4-dione were added and the catalytic activity of 38C2
was completely inhibited. An HPLC time progress of te&o-
aldolization of8 (25 uM), catalyzed by antibody 38C2 £M),

Inserting these initial rate ratios and the specific aldol concentra- at 37 °C is shown in Figure 5. AlImost 90% of compouiid
tions of the respective compounds into eq Il givies:Gppm)4/ was formed, based on starting compoudvithin 80 h and
(Keat,appKm)e = 3 and keatappKm)o/(Keat,appm)e = 3, which the mechanism was sequential. However, complete conversion
corresponds to a difference in activation energAG = RT of 8 to 7 was never achieved and10% of 14 (Figure 1), was
x InS) of 0.7 kcal/mol between the two dendrimer generations also present even at longer reaction times. Based on these
at 37 °C.27 Therefore, second-generation dendrinBewas a findings we suggest that as the unmasking process progressed
poorer substrate for antibody 38C2 than the first generation the acetone concentration in the reaction mixture increased and
Taken as a whole these results suggest the following: (1) Theconsequently shifted the equilibrium toward a favored aldol
specific concentration of surface aldol functionalities was reaction. This change in equilibrium will be more important
important for the rate of reaction within the same dendrimer for higher dendrimer generations and reaching complete un-
generation. (2) A decrease in specificity and rate for the higher masking could be more difficult to achieve. However, a decrease
dendrimer generation compared to the lower dendrimer genera-in reaction rate could be turned into an advantage, especially
tion was caused by steric crowding of surface aldol moieties. since it allows the preparation of partially modified dendrons
An overall visualization of antibody catalysis with dendrimer under milder and more selective conditions than chemical aldol
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transformations. For example, in the case of the chemical in 85% vyield, and reaction 0f7 with 8 equiv of the lithium
synthesis ofl0, 13, and 14 competing side reactions such as enolate of acetone produced diald@ (65%). Dialdehydel7
pB-elimination and hydrolysis of the polyester core occurred. was also reacted with 1.5 equiv of either the lithium enolates
Furthermore, from the standpoint of synthetic applications the of acetone or acetophenone to prode¢50%) and20 (55%),
antibody-catalyzedetro-aldol reaction could be performed respectively. MonoaldoR0 was also reacted with the lithium
under biphasic conditions, thus avoiding solubility probléfs.  enolate of acetone to produce monoacetophenone aldol-mono-

Synthesis of Hybrid Peripheral Copolymer Dendrons. acetone aldoblockhybrid dendrorm21 in 45% yield. MALDI
Making use of the versatility of convergent synthesis, hybrid TOF MS analysis oR1 showed only a single peak correspond-
dendrons displaying both the ketal and aldol functionalities were ing to21+Nat (1077 Da). We observed that the hydrophobicity
synthesized. With these hybrids, we wished to investigate a of the formed aldol adduct was an important factor. If the aldol
catalytic antibody’s ability to selectively performetro-aldol moiety had a similar polarity to the benzaldehyde moiety on
reactions on dendrimers containing a periphery of aldol product the hybrid dendrons separation problems would occur between
moieties that were not orthogonal to each other and thus morestarting dialdehyde dendroi7 and the aldol substituted
difficult to remove without a highly selective catalyst. products. In fact, this was the case with tee-butyl group of

To examine such scenarios second-generdilonk-hybrid the pinacolone aldol adduct and it was therefore not used in
dendrons were synthesized as shown in Scheme 5. Theour studies.
monoesterification of diol with acetonide protected bis-MPA Antibody Catalysis with block-Hybrid Dendrimer Sub-
(DCC, catalytic DMAP, CHCI,) produced the monocoupled  strates. Initial investigations were performed on the antibody-
product15 (78%). Esterification ofl5 using a slight excess of  ¢atalyzedretro-aldolization of dialdol18 to determine if we
5 (TEA, catalytic DMAP, CHCl,) gave the di(4-bromobutoroyl) - ¢ould produce monoaldal9 in higher conversion than the
derivatized dendro6 (65%). Etherification ofl6 with 4-hy-  ¢hemical aldol reaction route (Scheme 6). Dendt@ncould
droxybenzoic acid gave dialdehybeockhybrid dendrimer.7 be important for the synthesis of a variety aldol-substituted

(29) Tumner, J. M.; Bui, T.; Lerner, R. A.; Barbas, C. F., IIl; List, B.  dendrimers. In Figure 6, it is clearly seen that 38C2 efficiently
Chem. Eur. J200Q 6, 2772. convertedl8to 19 and a small amount df7 within 24 h (trace

38C2

21
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Figure 7. The product formation of theetro-aldol reaction o1 (25
uM) in PBS buffer at 37°C: (A) the starting pointt(= 0 h); (B)
antibody 38C2-catalyzed reaction ([lg&] 1.0 uM) after 17 h; (C)
antibody 38C2-catalyzed reaction ([Ig&] 1.0 uM) after 40 h; and

(D) the uncatalyzed reaction after 40 h. The analysis was performed

by HPLC (VYDAC reverse phase;&column, 55:45 acetonitrile/f0
(0.1% TFA),v = 1.5 mL/min,Aaps = 276 nm).

B). The substrate distribution was 6, 92, and 2% betwEg&n

19, and 17, respectively. These results demonstrate that the
antibody-catalyzed route was superior in producifghan the
chemical reaction route, which gav® in 50% yield. The
reaction without catalytic antibody 38C2 did not show any
product formation during this time frame (trace C). Thereafter
we wanted to explore whether catalytic antibody 38C2 displayed
selectivity between the different aldol moieties as found®a&n
(Scheme 7). In fact, the antibody was regiospecific in the
removal of the acetone aldol adductifto exclusively produce

20 within 25 h (Figure 7, trace C) and no peaks corresponding
to 19 could be observed. Noteworthy was the fact that the
reaction mixture without 38C2 did not give any visible amounts
of 20 within 40 h of reaction time (trace D). This then is the
first demonstration where catalytic antibody 38C2 has been
shown to display regioselectivity on a multifunctional aldol

“rddea and Janda

Scheme 8.retro-Aldol Reaction of Monomefd 1 and 22
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of aldolase antibody 38C2 to catalyze the regioselectwe®-
aldol transformation.

Conclusion

A convenient methodology for synthesis of aldehyde-func-
tionalized polyester dendrons was developed based on the
monomer bis-MPA. Utilizing these molecules the first investiga-
tion in which a catalytic antibody catalyzes end-group func-
tionalization of a dendrimer was accomplished. This antibody
was able to catalyze theetro-aldolization of aldol modified
polyester dendrons efficientikdafKuncat= 1 x 10°) and in high
conversion (90%) at 37C. While the dendrons employed in
this study were limited in their solubility, changing the dendritic
core to a more water-soluble one, would presumably allow the
exploration of these processes under physiological conditions.

Methodologies were also developed for the synthediaufk
hybrid polyester dendrons with acetonide and different aldol
peripheral end-groups. The antibody catalyzedr#teo-aldol
reactions regiospecifically and produced differentiated dendrons
in high conversion (92%). This was also the first example where
catalytic antibody 38C2 has been shown to display regioselec-
tivity on a multifunctional aldol substrate. On the basis of these
results, we envision antibodies catalyzing highly selective and
mild surface modifications of biodegradable and biocompatible
multifunctional polymeric substrates.

Experimental Section

General. Catalytic antibody 38C2\,, = 150 000 Da, 14.5 mg/mL
in PBS buffer at pH 7.4) was obtained as previously described in ref
17a. All chemicals were purchased from Aldrich or Sigma and used
without any further purification. All reactions requiring anhydrous
conditions were performed in oven-dried glassware under Ar or N
atmosphere. Solvents were either used as supplied or purified by
standard techniques. THF was distilled from soditlmenzophenone.
Thin-layer chromatography (TLC) was performed on Merck 6§ F
silica gel plates, and compounds were visualized by irradiation with
UV light and/or by treatment with a solution of 25 g of phospho-
molybdic acid, 10 g of Ce(S§-H.0, 60 mL of concentrated 430,
and 940 mL of HO, followed by heating and/or staining with a solution
of 12 g of 2,4-dinitrophenyl hydrazine in 60 mL of concentrated H
SO, 80 mL of HO, and 200 mL of 95% EtOH. For flash chroma-
tography (FC), Merck 60 silica gel (particle size 0.64D063 mm)
was used; the eluent is given in parentheses!HFNMR, Bruker AMX
500, AM 300, and AC 250 instruments were usédMR experiments
were run with a Bruker AMX 500 (125 MHz) instrument. The chemical
shifts are given in relative to TMS ¢ = 0 ppm). The spectra were
recorded in CDGlat room temperature. High-resolution mass spectra

substrate. This is certainly an attractive feature and suggest§HRMS) were recorded on an lon Spec Fourier Transform Mass
that catalytic antibodies could be used as catalysts for regio- Spectrometer using dihydroxybenzoic acid (DHB) as the matrix. Matrix
and chemoselective differentiation of dendrimers. These resultsAssisted Laser Desorption-Time-of-Flight mass spectra (MALDI-TOF

can be rationalized based on the following monomer results.
Thus, the uncatalyzed rate for thetro-aldolization of the
monomer 1-phenyl-3-(4-methoxyphenyl)-3-hydroxypropan-2-
one @2) was 16 times faster than the same transformation of
11 in PBS buffer (pH 7.4, [SF 1 mM, 37 °C) (Scheme 8).
Catalytic antibody 38C2 did not catalyze the conversio22f
to 12. Hence the results in Figure 7, clearly display the efficiency

MS) were recorded on a Voyager-DE Perspective Biosystems using
DHB as the matrix.

Antibody-Catalyzed Reactions.All antibody-catalyzed reactions
were performed in PBS (0.01 M phosphate buffer, 2.7 mM KCI, 137
mM NaCl, pH 7.4) and 10% DMSO. Antibody-catalyzed reactions and
background reactions were monitored by high-pressure liquid chroma-
tography (HPLC, Hitachi L-500 HPLC System) using a VYDAC
reverse-phase gcolumn and acetonitrile/water mixtures (containing
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0.1% trifluoroacetic acid) as eluents at a flow rate of 1.5 mL/min and
Aabs= 276 nm. The enantioselectivity of the antibody 38C2-catalyzed
retro-aldolization of11was determined by chiral HPLC (Diacel Chiral
Pak AS column, 10:90 2-propanol:hexanes= 1.0 mL/min, Aays =
230 nm) according to ref 20c.

Kinetics. Reaction 11~ 12: Substratel1 (50 mM, in DMSO) was

J. Am. Chem. Soc., Vol. 123, No. 3482901

17266, 17273, 191.05. HRMS calcd fOfgaBgaOlo (M + Na*)
627.2201, found 627.2191.

General Aldol Formation Procedure: [G#1]-Dialdol (4). LDA
solution (Aldrich, 2 M, heptane/THF/ethylbenzene, 4 mL, 8 mmol) was
added dropwise to a stirred solution of acetone (0.6 mL, 8 mmol) in
THF (15 mL) at—78°C. After 30 min3 (0.8 g, 1.3 mmol) in THF (5

added to capped vials containing PBS buffer and DMSO. The reactions mL) was added, and the reaction mixture was stirred for an additional

were then initialized by addition of the antibody 38C2 stock solution
to obtain a final volume of 1 mL (10% (v/v) DMSO) and the desired
substrate concentration at constant IgG concentration (FgGRuM).

The vials were left for different periods of time at 26 and samples
were withdrawn from the reaction mixture and immediately analyzed
by HPLC (20:80 acetonitrile:water (0.1% TFA)= 1.5 mL/min) using

35 min at—78 °C. The reaction was then quenched with saturated
ammonium chloride solution (3 mL) and extracted with EtOAcX3
20 mL). The organic layer was washed with water and brine, dried
(MgSQy), filtered, concentrated, and purified by column chromatog-
raphy on silica gel (40:10 hexane:EtOAc) to giWas a colorless oil:
0.62 (65%).*H NMR (250 MHz, CDC}) 6 1.25 (s, 3H,—CHs), 2.01

4-nitroacetophenone as standard. The uncatalyzed reaction rate wagm, 4H, CHCH.CH,), 2.18 (s, 6H, COCH), 2.44 (t, 4H, ROOCE -

measured under the same conditions. The Michadlienten param-
eters were determined by a Lineweav8&urke plot of 1V vs 1/[S]
where they-intercept is Wmax and thex-intercept is—1/Ku. Kear Was
determined by dividing/max With the two active sites of the IgG (R
[lgG)).

Solubility limitations of the dendritic substrates and products

CHy), 2.79 (m, 4H, CHOH®I,CO), 3.93 (t, 4H, CHCH,OAr), 4.25

(s, 4H,—CH,OR), 5.06 (m, 2H, ArGIOHCHy), 5.13 (s, 2H, ArGi,-

OR), 6.84 (d, 4H, ArH), 7.25 (d, 4H, ArH), 7.32 (s, 5H, ArHiC NMR
(CDCL) 6 18.11, 24.78, 31.06, 46.66, 52.22, 65.75, 66.99. 67.10, 69.79,
114.79, 127.22, 128.44, 128.64, 128.87, 135.39, 135.86, 158.62, 172.82,
172.89, 209.36. HRMS calcd for,@12012 (M + Na*) 743.308, found

precluded the use of a wide range of substrate concentrations to satisfy743.3037.

first-order kinetics, therefore th&.: value was derived from the
maximal velocity at the solubility limits of the dendrons (281). Two

2,2-Bis(4-bromobutyroxymethyl)propionic Acid. 4-Bromobutyryl
chloride (7 g, 39.4 mmol) was added dropwise to a mixture of Bis-

independent active sites were assumed per IgG and the antibodyMPA (2.5 g, 18.6 mmol), TEA (4.7 g, 46.5 mmol), and DMAP (0.12

concentration was kept constant at @M. The buffer system and
sample preparation were as described vide supra at 25 arf€,37
respectively. HPLC assay conditions for compouBd4, and9: 52:
48 acetonitrile:water (0.1% TFA),= 1.5 mL/min, using naphthalene
as standard. HPLC assay conditions for compouhdad 10: 53:47
acetonitrile:water (0.1% TFA)Y; = 1.5 mL/min, using triphenylene as
standard.

Benzyl-2,2-bis(methylol)propionate (1).Bis-MPA (9.00 g, 67.1
mmol) and KOH (4.3 g, 76.8 mmol) were dissolved in DMF (50 mL).
After the mixture was stirred at 10@ for 1 h benzylbromide (13.8 g,

g, 0.94 mmol) in CHCI, (75 mL) at room temperature. After 40 min
of stirring the reaction mixture was concentrated and EtOAc (50 mL)
was added. The organic phase was washeld Wit HCI, water, and
brine, dried (MgS@), concentrated, and purified by column chroma-
tography on silica gel (20:30 hexane:EtOAc) to give 2,2-bis(4-
bromobutyroxymethyl)propionic acid as a colorless oil: 5.9 g (80%).
'H NMR (250 MHz, CDC}) 6 1.29 (s, 3H,—CHjs), 2.11 (m, 4H,
CH2CHCH:Br), 2.52 (t, 4H, ROOCHKCH,CHy), 3.45 (t, 4H, CHCH,-

Br), 4.25 (bs, 4H;-CH,0OR);**C NMR (CDCk) ¢ 18.07, 27.84, 32.53,
32.76, 46.41, 65.44, 172.30, 178.66. HRMS calcd faHgBr,0s (M

80.7 mmol) was added, and the reaction was stirred for an additional + Nat) 452.9519, found 452.9525.

15 h at 100°C. The DMF was evaporated and the residue was dissolved

in EtOAc (200 mL) and washed with water and brine. The organic
phase was dried (MgS{) concentrated, and purified by column
chromatography (50:40 hexane:EtOAc) to glvas white crystals: 9.0

g (60%).*H NMR (250 MHz, CDC}) 6 1.08 (s, 3H,—CHs), 3.74 (d,
2H, —CH,0OR), 3.95 (d, 2H-CH,0OR), 5.22 (s, 2H, Ar€i,0OR), 7.36
(m, 5H, ArH);2C NMR (CDCk) 6 17.16, 49.35, 66.60, 66.93, 128.25,

2,2-Bis(4-bromobutyroxymethyl)propionic Acid Chloride (5). To
a solution of the above acid (3.78 g, 9.45 mmol) and 3 drops of DMF
in CH.Cl, (40 mL) was added oxalyl chloride (2.4 g, 18.9 mmol)
dropwise with stirring fo 2 h at 25°C. The excess oxalyl chloride
was removed on the rotary evaporator by a striping procedure with
several portions of chloroform to givgas a yellow crude oil and was
used without further purification: 3.93 g (9996C NMR (CDCk) 6

128.57, 128.82, 135.81, 174.33. The NMR spectra are in accord with 18.11, 27.74, 32.43, 32.63, 44.10, 65.29, 172.14, 175.38.

those in the literatur&:

General Esterification Procedure: Preparation of [G#1]-Br» (2).
4-Bromobutyryl chloride (3.4 g, 18.3 mmol) was added dropwise to a
solution of1 (1.92 g, 8.6 mmol), TEA (2.22 g, 21.9 mmol), and DMAP
(0.9 mmol) at ®C. The reaction was then warmed to room temperature
and stirred for 24 h. The Ci€l, was evaporated and the dark brown
residue was purified by liquid chromatography on silica gel (30:10
hexane:EtOAc) to give as a colorless oil: 3.5 g (82%)H NMR
(300 MHz, CDC}) 6 1.28 (s, 3H,—CHs), 2.17 (m, 4H, CHCH,CHy),
2.51 (t, 4H, ROOCE,CH,), 3.45 (t, 4H, CHCHBr), 4.25 (s, 4H,
—CH.0OR), 5.16 (s, 2H, Ar€l,0R), 7.35 (s, 5H, ArH);’3C NMR
(CDCly) ¢ 18.11, 27.80, 32.49, 32.76, 46.65, 65.78, 67.19, 128.50,
128.70, 128.87, 135.80, 172.22, 172.73. HRMS calcd taH&O0sBr-

(M + Na') 542.9988, found 542.9980.

General Alkylation Procedure: Preparation of [G#1]-Dialdehyde
(3). 4-Hydroxybenzaldehyde (1.71 g, 14 mmol),CGO; (3.8 g, 21
mmol), Nal (0.5 g, 3.5 mmol), an@l(3.42 g, 6.98 mmol) were dissolved
in DMF (40 mL). The reaction mixture was heated to°Coand stirred

[G#2]-Br4 (6). 2,2-Bis(4-butyroxymethyl)propionic acid chloride
(2.27 g, 5.4 mmol, diluted in a small amount of &), benzyl-2,2-
bis(methylol)propionate (0.56 g, 2.5 mmol), DMAP (30 mg 0.13
mmol), and TEA (0.66 g, 6.5 mmol) were reacted according to the
general esterification procedure for 48 h to give a slightly yellow
product that was purified by column chromatography on silica gel (30:
20 hexane/EtOAc) to givé as a colorless oil: 3.7 g (65%) NMR
(250 MHz, CDC}) ¢ 1.18 (s, 6H,—CHs), 1.28 (s, 3H,—CHg), 2.17
(m, 8H, CHCH,CH,), 2.51 (t, 8H, ROOCE,CH,), 3.45 (t, 8H, CH-
CH;Br), 4.17 (bs, 8H,—~CH;OR), 4.28 (m, 4H,—CH,OR), 5.16 (s,
2H, ArCH;0R), 7.36 (s, 5H, ArH}C NMR (CDCk) 6 17.91, 18.04,
27.86, 32.48, 32.83, 46.68, 47.00, 65.51, 66.04, 67.46, 128.65, 128.85,
129.00, 135.62, 172.23, 172.37. HRMS calcd fagHe,014Bra (M +
Na') 1049.0163, found 1049.0155.

[G#2]-Tetraaldehyde (7). 4-Hydroxybenzaldehyde (2.45 g, 20.1
mmol), [G#2]-Br, 6 (4.8 g, 4.6 mmol), KCO; (8.3 g, 60.3 mmol), and
Nal (1.1 g, 7.3 mmol) were reacted according to the general alkylation
procedure for 48 h to give a crude product that was purified by column

for 24 h. The DMF was then removed under reduced pressure and thechromatography (20:30 hexane:EtOAc) to givas a colorless viscous

residue dissolved in EtOAc (50 mL) and extracted with water and brine.

The organic phase was dried (MggJiltered, and purified by column
chromatography (50:50 hexane: EtOAc) to gi@s a clear viscous
oil: 5.5 g (85%).1H NMR (250 MHz, CDC}) ¢ 1.23 (s, 3H,—CHb),
2.10 (m, 4H, CHCH,CH,), 2.51 (t, 4H, ROOCE,CH,), 4.05 (t, 4H,
CH,CH;OAr), 4.20 (s, 4H,—CH.OR), 5.12 (s, 2H, Ar€;.0R), 6.96
(d, 4H, ArH), 7.33 (s, 5H, ArH), 7.81 (d, 4H, ArH), 9.87 (s, 4H,
ArCHO); 13C NMR (CDCk) ¢ 18.07, 24.54, 30.62, 46.68, 65.75, 67.11,

oil: 4.8 g (85%).H NMR (250 MHz, CDCH) 6 1.15 (s, 6H,—CHs),

1.23 (s, 3H~CHs), 2.10 (m, 8H, CHCH,CH)), 2.51 (t, 8H, ROOCEl

CHy), 4.05 (t, 8H, CHCH,OAT), 4.07 (bs, 8H,~CH,OR), 4.20 (m,

4H, —CH4OR), 5.12 (s, 2H, Ar€,0R), 6.96 (d, 8H, ArH), 7.33 (s,

5H, ArH), 7.81 (d, 8H, ArH), 9.87 (s, 4H, ArCHOY2C NMR (CDCk)
617.82,17.95, 24.54, 46.65, 46.91, 65.38, 65.91, 67.20, 67.39, 115.00,
128.56, 128.82, 128.96, 130.31, 132.24, 135.53, 164.03, 172.14, 172.22,
172.62, 191.00. HRMS calcd fore@7:0, (M + Na*) 1239.4407,

67.21, 115.01, 128.38, 128.65, 128.86, 130.31, 132.27, 135.79, 164.05found 1239.4455.



8258 J. Am. Chem. Soc., Vol. 123, No. 34, 2001 “rddea and Janda

[G#2]-Tetraaldol (8). Acetone (99 mg, 1.71 mmol), LDA solution = 8.8 Hz, 2H), 9.90 (s, 1H)}*C NMR (CDCk) 6 55.85, 114.59, 130.24,
(Aldrich, 2 M, heptane/THF/ethylbenzene, 0.86 mL, 1.71 mmol) and 132.27, 164.91, 191.10.
[G#2]-tetraaldehyd& (0.26 g 0.2 mmol) were reacted according to [G#1.5]-Monoacetonide (15)DCC was added to a solution df
the general aldol formation procedure to give a crude product that was (2.62 g, 11.6 mmol), acetonide protected bis-MPA (2.85 g, 16 mmol),
purified by column chromatography (10:80:5 hexane:EtOAc: MeOH) and DMAP (0.5 g, 4.1 mmol) in CKCl, at room temperature and the

to give pure8 as a colorless viscous oil: 0.2 g (65%) NMR (250 reaction mixture was stirred for 24 h under argon atmosphere. The
MHz, CDCk) 6 1.14 (s, 6H,—CHs), 1.22 (s, 3H~CHz), 2.10 (m, 8H, DCC-urea was filtered off and the crude product was purified by column
CH,CH.CH,), 2.19 (s, 12H, COCHJ, 2.49 (t, 8H, ROOCE,CH,), chromatography (50:50 hexane:EtOAc) to ghfeas a clear oil: (78%).

2.79 (m, 8H, CHOHEI,CO), 3.95 (t, 8H, CHCH,0Ar), 4.15 (bs, 8H, H NMR (250 MHz, CDC}) 6 1.07 (s, 3H,~CHz), 1.24 (s, 3H~CHz),
—CH;0OR), 4.21 (m, 4H~CH,0OR), 5.06 (m, 4H, Ar€iIOHCH,), 5.13 1.36 (s, 3H,—CHy), 1.42 (s, 3H,—CHg), 2.75 (t, H,—OH), 3.56 (d,

(s, 2H, ArcH;OR), 6.83 (d, 8H, ArH), 7.24 (d, 8H, ArH), 7.33 (s, 5H, = 2H, —CH,OR), 3.64 (d, 2H;~CH,OH), 4.41 (dd, 2H;-~CH,0OR), 5.17
ArH);13C NMR (CDCk) ¢ 17.73, 17.90, 24.70, 30.17, 30.98, 46.84, (s, 2H, ArCHOR), 7.35 (s, 5H, ArH}3C NMR (CDCE) 6 10.5, 11.2,
52.19, 65.37, 65.88, 66.81, 67.32, 69.69, 114.68, 127.15, 128.54, 128.7214.3, 18.8, 35.1, 41.4, 58.1, 59.0, 59.1, 59.2, 59.6, 91.1, 120.9, 121.3,
128.89, 135.46, 135.53, 158.48, 172.17, 172.22, 172.80, 209.21. HRMS121.5, 128.5, 166.9, 167.3. HRMS calcd fopid»s0; (M + Na')

calcd for GgHosO2s (M + Na) 1471.6082, found 1471.6098. 403.1727, found 403.1738.

[G#1]-Monoaldol (9). To a solution of3 (1.5 g, 1.23 mmol) in [G#2]-Monoacetonide-Brk, (16). 2,2-Bis(4-butyroxymethyl)propi-
acetone (60 mL) was added 1% aqueous NaOH solution (6 mL) at 0 onic acid chloride5 (2.94 g, 7.0 mmol, diluted in a small amount of
°C. After stirring at 0°C for 10 min the solution was neutralized with  CH,Cl,), acetonide protectet5 (2.48 g, 6.54 mmol), DMAP (30 mg
3 drops & 1 N HCI, and concentrated under reduced pressure. The 0.13 mmol), and TEA (0.79 g, 7.8 mmol) were reacted according to
residue was dissolved in® (10 mL) and extracted with EtOAc (R the general esterification procedure for 24 h to give a slightly yellow
30 mL). The organic phase was washed with citric acid and brine, dried product that was purified by column chromatography on silica gel (40:
(MgSQy), concentrated, and purified by column chromatography (10: 20 hexane/EtOAc) to givé6 as a colorless oil: 3.7 g (65%H NMR

20 hexane:EtOAc) to give as a colorless viscous oil: 0.4 g (50%). (250 MHz, CDC}) ¢ 1.08 (s, 3H,—CHs), 1.18 (s, 3H,—CHj3), 1.30 (s,
NMR (250 MHz, CDC¥) 6 1.22 (s, 3H;~CHj3), 2.10 (m, 4H, CHCH>- 3H, —CHg), 1.34 (s, 3H,—CHg), 1.41 (s, 3H,—CHg), 2.15 (m, 4H,
CH,), 2.19 (s, 3H, COCH), 2.49 (m, 4H, ROOCHE,CHy), 2.79 (m, CH,CH,CH;), 2.50 (t, 4H, ROOCEI,CH;), 3.45 (t, 6H, CHCH.BI),
2H, CHOHH,CO), 3.94 (t, 2H, CHCH,0Ar), 4.05 (t, 2H, CHCH,- 3.56 (d, 2H,—CH;0OR), 4.08 (d, 2H,~CH;OR), 4.13 (s, 4H;—CH,-

OAr), 4.21 (bs, 4H—CH,OR), 5.06 (m, 1H, ArGlOHCH,), 5.13 (s, OR), 4.31 (d, 4H,—CH,0OR), 5.16 (s, 2H, Ar&,0R), 7.35 (s, 5H,
2H, ArCH,OR), 6.83 (d, 2H, ArH), 6.96 (d, 2H, ArH), 7.24 (d, 2H,  ArH). 3C NMR (CDCk) ¢ 18.07, 18.1, 18.8, 22.3, 25.7, 28.0, 32.6,
ArH), 7.33 (s, 5H, ArH), 7.81 (d, 2H, ArH), 9.87 (s, 1H, ArCHOC 32.9,42.4,46.8,47.2, 65.5, 65.6, 66.3, 67.4, 98.5, 128.7, 128.9, 129.0,
NMR (CDCl;) 6 18.12, 24.57, 24.79, 30.65, 30.85, 31.08, 46.68, 52.23, 135.8, 167.8, 172.3, 172.5, 173.9. HRMS calcd fasHz:01.Br2 (M
65.72, 66.90, 67.13, 67.25, 69.81, 114.80, 115.04, 127.25, 128.44,+ Na') 815.1248, found 815.1233.
128.67, 128.88, 130.31, 132.30, 135.42, 135.85, 158.60, 164.09, 172.70, [G#2]-Monoacetonide-Dialdehyde (17)4-Hydroxybenzaldehyde
172.79, 172.91, 191.09, 209.36. HRMS calcd fgiG:011 (M + Na) (0.5 g, 4.2 mmol), [G#2]-monoacetonide &6 (1.7 g, 2.1 mmol), K-
685.2619, found 685.2634. CO; (0.9 g, 6.3 mmol), and Nal (0.2 g, 1.1 mmol) were reacted
[G#2]-Trialdol (10). To a solution of7 (0.1 g, 82umol) in acetone according to the general alkylation procedure for 28 h to give a crude
(60 mL) was added 1% aqueous NaOH solution (6 mL) &€ 0After product that was purified by column chromatography (30:20 hexane:
stirring at 0°C for 10 min the solution was neutralized with 3 drops of EtOAc) to givel7 as a colorless viscous oil: 1.6 g (85%j NMR
1 N HCI and concentrated under reduced pressure. The residue wag250 MHz, CDC}) ¢ 1.06 (s, 3H,—CHj), 1.17 (s, 3H—CHs), 1.27 (s,
dissolved in HO (5 mL) and extracted with EtOAc (R 30 mL). The 3H, —CHg), 1.33 (s, 3H,—CHa), 1.40 (s, 3H,—CHs), 2.07 (m, 4H,
organic phase was washed with citric acid and brine, dried (MySO  CH,CH,CH,), 2.50 (t, 4H, ROOCE,CH,), 3.56 (d, 2H,—CH,OR),
concentrated, and purified by column chromatography (10:30 hexane: 4.07 (m, 6H), 4.19 (s, 4H;-CH,OR), 4.31 (bs, 4H;-~CH,OR), 5.15

EtOAc) to give9 as a colorless viscous oil: 34 mg (30%H NMR (s, 2H, ArCH,OR), 6.96 (d, 4H, ArH), 7.34 (s, 5H, ArH), 7.81 (d, 4H,
(250 MHz, CDC¥) ¢ 1.14 (s, 6H,—CHz), 1.22 (s, 3H,—CHz), 2.10 ArH), 9.87, (s, 2H, ArCHO}3C NMR (CDCk) 6 17.9, 18.0, 18.7, 22.1,

(m, 8H, CHCH,CH,), 2.19 (s, 9H, COCBH), 2.49 (m, 8H, ROOCH,- 24.6, 25.6, 30.6, 42.3, 46.7, 47.0, 65.4, 65.5, 66.1, 66.2, 67.2, 67.3,
CHy), 2.79 (m, 6H, CHOHE,CO), 3.94 (t, 6H, CHCH,0Ar), 4.05 98.4, 115.0, 128.5, 128.8, 128.9, 130.3, 132.3, 135.7, 163.9, 172.2,
(t, 2H, CHCH.0Ar), 4.15 (bs, 8H~CH,OR), 4.21 (m, 4H—CH,- 172.7, 191.0. HRMS calcd for &HssO1s (M + Na*) 899.3461, found
OR), 5.06 (m, 3H, ArGiIOHCH,), 5.13 (s, 2H, Ar¢i,.OR), 6.83 (d, 899.3471.

6H, ArH), 6.96 (d, 2H, ArH), 7.24 (d, 6H, ArH), 7.33 (s, 5H, ArH), [G#2]-Monoacetonide-Diacetonealdol (18)Acetone (87 mg, 1.5
7.81 (d, 2H, ArH), 9.87 (s, 1H, ArCHOYC NMR (CDCk) 6 17.83, mmol), LDA solution (Aldrich, 2 M, heptane/THF/ethylbenzene, 0.75

18.00, 24.57, 24.79, 30.59, 30.79, 46.67, 46.93, 52.22, 65.43, 65.50,mL, 1.5 mmol), and [G#2]-monoacetonide-dialdehyide(0.3 g 0.3
65.99, 66.90, 67.27, 67.42, 69.80, 114.78, 115.04, 127.25, 128.61,mmol) were reacted according to the general aldol formation procedure
128.82, 128.98, 130.30, 132.28, 135.47, 135.60, 158.59, 164.09, 172.2310 give a crude product that was purified by column chromatography
172.26, 172.30, 172.67, 172.86, 191.08, 209.33. HRMS calcd for (10:30 hexane:EtOAc) to give puf as a colorless viscous oil: 0.2
CrsHaoOzs (M + Na') 1413.5663, found 1413.5608. g (65%)H NMR (250 MHz, CDC}) ¢ 1.06 (s, 3H,—CH), 1.15 (s,
(4R,49)-Hydroxy-4-(4'-methoxyphenyl)butan-2-one (11)Acetone 3H, —CHj), 1.26 (s, 3H,—CHs), 1.33 (s, 3H,—CHa), 1.39 (s, 3H,
(0.64 g, 11 mmol), LDA solution (Aldrich, 2 M, heptane/THF/  —CHs), 2.07 (m, 4H, CHCH,CH), 2.18 (s, 6H, COCH), 2.50 (t, 4H,
ethylbenzene, 5.5 mL, 11 mmol), and 4-methoxybenzaldehgde.5 ROOCM,CH,), 2.79 (m, 4H, CHOHEI,CO), 3.21 (s, 2H;-OH) 3.56
g, 3.7 mmol) were reacted according to the general aldol formation (d, 2H,—CH,OR), 3.95 (t, 4H, CHCH,0Ar), 4.07 (d, 2H,—CH,OR),
procedure to give a crude product that was purified by column 4.19 (s, 4H, —CH,OR), 4.31 (s, 4H,—CH;OR), 5.06 (m, 2H,
chromatography (55:45 hexane:EtOAc) to give plteas a colorless ArCHOHCH), 5.14 (s, 2H, Ar®i,0R), 6.83 (d, 4H, ArH), 7.24 (d,
oil: 0.5 g (70%).*H NMR (500 MHz, CDCH}) 6 2.19 (s, 3H), 2.86 (m, 2H, ArH), 7.33 (s, 5H, ArH).:*C NMR (CDCk) 6 17.9, 18.0, 18.7,

2H), 3.81 (s, 3H), 5.10 (m, 1H), 6.88 (d,= 8.8 Hz, 2H), 7.27 (d) 22.3, 24.8, 25.4, 30.7, 31.0, 42.3, 46.6, 47.0, 52.2, 65.5, 66.1, 66.2,
= 8.8 Hz, 2H).:*C NMR (CDCk) 6 31.06, 52.24, 55.59, 69.81, 114.23, 66.9, 67.3, 69.8, 98.4, 114.8, 127.2, 128.5, 128.7, 128.9, 135.4, 135.7,
127.21, 135.20, 159.45, 209.41. HRMS calcd feiHG.O3 (M + Na') 158.6, 172.3, 172.4, 172.8, 173.8, 209.2. HRMS calcd f@HEO15
217.0835, found 217.0844. (M + Na') 1015.4298, found 1015.4316.

4-Methoxybenzaldehyde (12)4-Hydroxybenzaldehyde (1.0 g, 8.2 [G#2]-Monoacetonide-Monoacetone Aldol (19)Acetone (35 mg,

mmol), KxCO; (3.14 g, 12.3 mmol), and iodomethane (1.2 g, 8.2 mmol) 0.6 mmol), LDA solution (Aldrich, 2 M, heptane/THF/ethylbenzene,
were reacted according to the general etherification procedure to give0.30 mL, 0.6 mmol), and [G#2]-monoacetonide-dialdehyde(106

a crude product that was purified by column chromatography (30:20 mg, 0.12 mmol) were reacted according to the general aldol formation
hexane:EtOAC) to give purk2 as a white solid: 1.1 g (97%)H NMR procedure to give a crude product that was purified by column
(500 MHz, CDC}) 6 3.9 (s, 3H), 7.01 (dJ = 8.8 Hz, 2H), 7.85 (dJ chromatography (20:30 hexane:EtOAc) to give pl®eas a colorless
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viscous oil: 56 mg (50%0)H NMR (250 MHz, CDC}) 6 1.06 (s, 3H,
—CHg), 1.16 (s, 3H,—CHs), 1.27 (s, 3H,~CHs), 1.33 (s, 3H~CHb),
1.40 (s, 3H,—CHz), 2.07 (m, 4H, CHCH,CH,), 2.18 (s, 3H, COCH),
2.50 (m, 4H, ROOCE,CH,), 2.79 (m, 2H, CHOHEI,CO), 3.21 (s,
1H, —OH), 3.56 (d, 2H,—CHOR), 3.95 (t, 2H, CHCH,0Ar), 4.07
(m, 4H), 4.19 (s, 4H~-CH;OR), 4.31 (bs, 4H;-CH,OR), 5.06 (m,
1H, ArCHOHCH,), 5.15 (s, 2H, Ar®,0OR), 6.83 (d, 2H, ArH), 6.96
(d, 2H, ArH), 7.24 (d, 2H, ArH), 7.33 (s, 5H, ArH), 7.81 (d, 2H, 2H),
9.87 (s, 1H, ArCHO}C NMR (CDCk) 6 17.9, 18.0, 18.7, 22.3, 24.8,
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monoacetonide-monoacetophenonea®{13 mg, 0.01 mmol) were
reacted according to the general aldol formation procedure to give a
crude product that was purified by column chromatography (10:20
hexane:EtOAC) to give pur&l as a colorless viscous oil: 6.3 mg (45%).
H NMR (250 MHz, CDC}) 6 1.07 (s, 3H,~CHj), 1.16 (s, 3H~CHz),

1.27 (s, 3H,—CHg), 1.33 (s, 3H,—CHy), 1.40 (s, 3H~CHjs), 2.07 (m,

4H, CH,CH,CH,), 2.19 (s, 3H, COCBH), 2.50 (t, 4H, ROOCE,CH,),

2.79 (m, 2H, CHOHEI,CO), 3.21 (s, 1H,—OH), 3.34 (m, 2H,
CHOHCH,CO), 3.56 (d, 3H,—CH,OR and —OH), 3.96 (m, 2H,

25.6, 30.7, 31.1, 42.9, 46.7, 47.0, 52.2, 65.5, 66.1, 66.9, 67.3, 69.8, CH,CH,0Ar), 4.08 (d, 2H,—CH,OR), 4.18 (s, 4H-CH,OR), 4.30
98.4, 114.8, 115.0, 127.2, 128.5, 128.7, 128.8, 128.9, 132.3, 158.6,(s, 4H,—CH;OR), 5.06 (m, 1H, Ar€IOHCH,), 5.15 (s, 2H, ArC,-

172.3, 172.4, 172.7, 172.8, 191.1, 209.2. HRMS calcd f@HEO:7
(M + Na*) 957.3879, found 957.3873.
[G#2]-Monoacetonide-Monoacetophenone Aldol (20Acetophe-
none (33.8 mg, 0.3 mmol), LDA solution (Aldrich, 2 M, heptane/THF/
ethylbenzene, 0.19 mL, 0.3 mmol), and [G#2]-monoacetonide-
dialdehydel7 (164 mg 0.2 mmol) were reacted according to the general
aldol formation procedure to give a crude product that was purified by
column chromatography (20:30 hexane:EtOAc) to give R0&s a
colorless viscous oil: 108 mg (55%)i NMR (250 MHz, CDC}) ¢
1.06 (s, 3H,—CHs), 1.17 (s, 3H,—CHs), 1.27 (s, 3H,~CHs), 1.33 (s,
3H, —CHj), 1.40 (s, 3H,—CHs), 2.07 (m, 4H, CHCH,CH,), 2.50 (t,
4H, ROOC@®,CHy), 3.34 (m, 2H, CHOH€EI,CO), 3.56 (d, 3H;~CH,-
OR and—0H), 3.96 (t, 2H, CHCH,OAr), 4.07 (t, 2H, CHCH,0Ar),
4.08 (d, 2H,—CH;0OR), 4.18 (s, 4H~CH,OR), 4.30 (s, 4H~CH.-
OR), 5.14 (s, 2H, Ar€l,0OR), 5.29 (m, 1H, Ar€éIOHCH;,), 6.83 (d,
2H, ArH), 6.98 (d, 2H, ArH), 7.34 (m, 7H, ArH), 7.44 (m, 2H, ArH),
7.50 (m, 1H, ArH), 7.91 (d, 2H, ArH), 7.95 (d, 2H, ArH), 9.86 (s, 1H,
ArH). HRMS calcd for GsHesO17 (M + Na') 1019.4035, found
1019.4072.
[G#2]-Monoacetonide-Monoacetone Aldol-Monoacetophenone
Aldol (21). Acetone (15.6 mg, 0.03 mmol), LDA solution (Aldrich, 2
M, heptane/THF/ethylbenzene, 0.13 mL, 0.03 mmol), and [G#2]-

OR), 5.29 (m, 1H, ArGIOHCH), 6.83 (d, 4H, ArH), 6.84 (d, 4H,
ArH), 7.24 (d, 2H, ArH), 7.34 (m, 7H, ArH), 7.44 (m, 2H, ArH), 7.50
(m, 1H, ArH), 7.91 (d, 2H, ArH)*C NMR (CDCk) 6 17.9, 18.0,
18.7, 22.3, 24.8, 25.5, 26.4, 30.8, 31.8, 42.3, 46.7, 47.1, 47.6, 52.2,
65.5, 66.1, 66.2, 66.9, 67.3, 69.8, 70.0, 98.4, 114.8, 127.2, 127.3, 128.5,
128.6, 128.8, 128.9, 129.0, 133.9, 135.4, 135.6, 135.7, 137.0, 158.6,
172.3, 172.5, 172.9, 173.4, 200.5, 209.3. HRMS calcd faHGO1s

(M + Na*) 1077.4454, found 1077.4489.
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