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Kilogram-scale

A kilogram scale, divergent and iterative synthesis of a second generation, triazine dendrimer with 12
protected amines on the periphery using common laboratory equipment is reported. The route benefits
from common reaction conditions, inexpensive reagents, and aqueous solvents. From the monomers, the
desired product dendrimethe last uncommitted intermediate that leads to a range of committed,
generation three targetgan be obtained in 70% overall yield. Of critical importance in the execution of
this divergent synthesis is the differential reactivity of chlorine atoms of trichlorotriazine. The stepwise,
nucleophilic aromatic substitution of these atoms with amine nucleophiles is both the basis for the
dendrimer growth as well as incorporation of solubilizing piperidine groups. Intermediates are obtained
and purified through precipitation and/or extraction protocols with the exception of the final product.
Isolation of the target dendrimer requires a single silica gel plug filtration. The purity of this material is
assessed at93%, a level consistent with and/or exceeding other commercially available targets.

Introduction (propyleneimine¥, phosphorus-based dendrimésplylysine?
and polyestefsavailable to scientists and engineers are rewarded
with a rich literature and their use in products or methodologies.
These areas include drug delivérgene transfectioAmagnetic

The extensive literature surrounding dendrimers and their
applications in areas ranging from materials science to medicine
are largely predicated on the commercial availability of these
compounds. The efforts of Tomalia, Newkome; gile and (2) Newkome, G. R.; Kotta, K. K.; Moorefield, C. NChem. Eur. J.
Meijer, Majoral, Denkewalter, and Feket to make dendrimers 2006 21, 3726-3734.

based on poly(amidoaminé)l,\lewkome poly(amidesz),poly- 764(1:;). Hawker, C. J.; Frehet, J. M. JJ. Am. Chem. S0499Q 112, 7638—

(4) (a) Launay, N.; Caminade, A. M.; Lahana, R.; Majoral, JARgew.
(1) (@) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Chem.1994 33, 1589-1592. (b) Launay, N.; Caminade, A. M.; Majoral,

Martin, S.; Roeck, J.; Ryder, J.; Smith,l@acromolecule4986 19, 2466- J. P.J. Am. Chem. So&995 117, 3282-3283. (c) Majoral, J. P.; Caminade,
2468. (b) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.;  A. M. Top. Curr. Chem1998 197, 79—124. (d) Caminade, A. M.; Majoral,
Martin, S.; Roeck, J.; Ryder, J.; Smith, Polym. J 1985 17, 117-132. J. P.J. Mater. Chem2005 15, 3643-3649.
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resonance imaginy,materials and coatind$, sensors and
detectors! catalysis'? and separations. The allure of these

Chouai and Simanek

executed with perfect efficieneyleads to mole conservation.
That is, the number of moles of product is reflected in the

materials is apparent in their depiction: dendrimers are mono- number of moles of core that are initially employed. Mass is
disperse, polyfunctional polymers whose shape, size, topology,incrementally added throughout the course of the synthesis. The
flexibility, and molecular weight can be controlled during convergent method relies on building the dendrimer from the
preparatiori# surface inward toward the core. Commonly, surface groups are
Still, dendrimer synthesis remains a challenge. Obstacles torepeatedly dimerized leading to larger dendrons that finally
producing large quantities of pure compounds can be magnifiedattached to a central core. The number of moles of product are
by the need for sophisticated and/or sensitive building blocks, a fraction (indeed, an exponentially unfavorable fraction) of the
nontrivial isolation strategies, and the requirement for expensive moles of surface groups initially available. A majority of the
and/or excess reagents. In the extreme, either convergent omass is carried throughout the synthesis. Yet, this strategy has
divergent approaches can be apphéd#1°In the divergent as a primary advantage that only a limited number of reactions
approach, the dendrimer is assembled from the central core.are performed at each generation. A variety of new dendrimers
Growth of successive generations requires that more reactionshave been reported using both divergent and convergent methods

be executed as the synthesis progresses. This approdiEn

(5) (a) Denkewalter, R. G.; Kolc, J. F.; Lukasavage, W. J. U.S. Pat. 4,-
360,646,1979 (b) Denkewalter, R. G.; Kolc, J. F.; Lukasavage, W. J. U.S.
Pat. 4,289,872, 1981.

(6) Perstorp Specialty Chemicals AB, Sweden.

(7) (@) Chahan, A. S.; Sridevi, S.; Chalasani, K. B.; Jain, A. K.; Jain, S.
K.; Jain, N. K.; Diwan, P. V.J. Controlled Releas2003 90, 335-343.

(b) Sfand, R.; Tomalia, D. ADrug Discavery Today2001, 6, 427—436.

(c) Goller, R.; Vors, J.-P.; Caminade, A.-M.; Majoral, J."Retrahedron
Lett. 2001, 42, 3587-3590. (d) lhre, H. R.; Padilla, De Jesus, O. |.; Szoka,
F. C.; Ffehet, J. M. JBioconjugate Chen2002 13, 443-452. (e) Padilla
De Jesus, O. L.; lhre, H. R.; Gagne, L.;"Ehet, J. M. J.; Szoka, F. C.
Bioconjugate ChenR002 13, 453-461. (f) Neerman, M. R.; Zhang, W.;
Parrish, A. R.; Simanek, E. Ent. J. Pharm.2004 281, 129-132. (g) Chen,
H.-T.; Neerman, M. F.; Parrish, A. R.; Simanek, E.EAm. Chem. Soc.
2004 126, 10044-10048. (h) Neerman, M. F.; Chen, H.-T.; Parrish, A.
R.; Simanek, E. EMol. Pharmaceutic2004 1, 390-393.

(8) (a) Maksimenko, A.; Mendrouguine, V.; Gottick, M.; Bertrand, J.-
R.; Majoral, J.-P.; Malvy, CJ. Gene Med2003 5, 61—-71. (b) Roessler,

B. J.; Bielinska, A. U.; Janczak, K.; Lee, |.; Baker, J.BRochem. Biophys.
Res. Commur2001, 283 124-129. (c) Cheng, H.; Zhou, R.; Liu, L.; Du,
B.; Zhou, R.Genetica200Q 108 53—56. (d) Wang, Y.; Boros, P.; Liu, J.;
Qin, L.; Bai, Y.; Bielinska, A. U.; Kukowska-Latallo, J. F.; Baker, J. R.;
Bromberg, J. SMol. Ther. 200Q 2, 602-608.

(9) (a) Kobayashi, H.; Kawamoto, S.; Star, R.; Waldmann, T.; Tagaya,
Y.; Brechbiel, M.Cancer Res2003 63, 271-276. (b) Kobayashi, H.; Saga,
T.; Kawamoto, S.; Sato, N.; Hiraga, A.; Ishimori, T.; Konishi, J.; Togashi,
K.; Brechbiel, M.Cancer Res2001, 61, 4966-4970. (c) Strable, E.; Bulte,

J. W. M.; Moskowitz, B.; Vivekanandan, K.; Allen, M.; Douglas, Chem.
Mater. 2001, 13, 2201-2209. (d) Mynar, J. L.; Lowery, T. J.; Wemmer,
D. E.; Pines, A.; Frehet, J. M. JJ. Am. Chem. So2006 128 6334
6335.

(10) (a) Bosman, A. W,; Jansen, R. A. J. J.; Meijer, E.@%em. Re.
1999 99, 1665-1688. (b) Crooks, R. M.; Zhao, M.; Sun, L.; Chechik, V.;
Yeung, L. K. Acc. Chem. Re001, 34, 181-190. (c) Ffehet, J. M. J.
Proc. Natl. Acad. Sci2002 99, 4782-4787. (d) Zeng, F.; Zimmerman, S.
C. Chem. Re. 1997, 97, 1681-1712. (e) Zimmerman, S. C.; Lawless, L.
J. Top. Curr. Chem2001, 217, 95-120.

(11) (a) Yoon, H. C.; Hong, M.-Y.; Kim, H. S.angmuir2001, 1234~
1239. (b) Chang, A.-C.; Gillespie, J. B.; Tabacco, MABal. Chem2001,

73, 467-470. (c) Balzani, V.; Ceroni, P.; Gestermann, S.; Gorka, M;
Kauffmann, C.; Vogtle, FTetrahedron2002 58, 629-637. (d) Kim, C.;
Park, E.; Song, C. K.; Koo, B. Wsynth. Met2001, 123 493-496.

(12) (a) De Groot, D.; Reek, J. N. H.; Kamer, P. C. J.; Van Leeuwen, P.
W. N. M. Eur. J. Org. Chem2002 6, 1085-1095. (b) Crooks, R. M.;
Lemon, B. I, lll; Sun, L.; Yeung, L. K.; Zhao, Ml'op. Curr. Chem2001,

212 81-135. (c) Van Heerbeek, R.; Kamer, P. C. J.; Van Leeuwen, P. W.
N. M.; Reek, J. N. HChem. Re. 2002 102 3717-3756. (d) Groot, D.;
Waal, B. F. M.; Reek, J. N. H.; Schenning, A. P. H. J.; Kamer, P. C. J,;
Meijer, E. W.; Leeuwen, P. W. N. Ml. Am. Chem. So2001, 123 8453-
8458.

(13) (a) Castagnola, M.; Zuppi, C.; Rossetti, D. V.; Vincenzoni, F.; Lupi,
A.; Vitali, A.; Meucci, E.; Messana, IElectrophoresi2002 23, 1769
1778. (b) Haag, R.; Sunder, A.; Hebel, A.; RollerJSComb. Chen002
4, 112-119. (c) Newkome, G. R.; Yoo, K. S.; Kabir, A.; Malik, A.
Tetrahedron Lett2001, 42, 7537-7541.

(14) (a) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A., llAngew.
Chem., Int. Ed. Engl199Q 29, 138-175. (b) Grayson, S. M.; Fehet, J.

M. J. Chem. Re. 2001 101, 3819. (c) Newkome, G. R.; \agtle, F.;
Moorefield, C. N. Dendrimers and Dendrons: Concepts, Syntheses,
Applications VCH: New York, 2001. (d) Frehet, J. M. J.; Tomalia, D.

A. Dendrimers and Other Dendritic Polymerg/iley: New York, 2002.
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that incorporate a wide range of functionalities such as effers,
amides?! esters? alkynes?® carbonated? saccharides’ gly-
copeptide® and siloxides’”

Our interest in dendrimers based on 1,3,5-triazine derives in
part from the availability and low cost of 2,4,6-trichloro-1,3,5-
triazine (cyanuric chloride), the core reagent. The ease of
displacement of chlorine atoms of cyanuric chloride by different
amine nucleophiles to generate mono-, di-, and trisubstituted
1,3,5-triazines makes its adoption even more attraétiviene
nucleophilic substitution of chlorine atoms with primary or
secondary amines in presence of a hydrochloric acid acceptor
(an organic or inorganic base) can be a controlled with temper-
ature and proceeds as a one-pot procedure. The first substitution
on cyanuric chloride occurs in minutes at®, while the second
substitution occurs in 1224 h at ambient temperature, and

(15) (a) Blotny, G.Tetrahedron2006 62, 9507-9522 and references
therein. (b) Steffensen, M. B.; Hollink, E.; Kuschel, F.; Bauer, M.; Simanek,
E. E. J. Polym. Sci., Part A: Polym. Cher006 44, 3411-3433. (c)
Steffensen, M. B.; Simanek, E. Brg. Lett 2003 5, 2359 -2361.

(16) (a) Steffensen, M. B.; Simanek, E.Angew. Chem., Int. EQ004
43,5178-5180. (b) Umali, A. P.; Simanek, E. Brg. Lett 2003 5, 1245~
1247,

(17) Zhang, W.; Nowlan, D. T., lll; Thomson, L. M.; Lackowski, W.
M.; Simanek, E. EJ. Am. Chem. So2001, 123 8914-8922.

(18) (a) Zhang, W.; Gonzalez, S. O.; Simanek, EMacromolecules
2002 35, 9015-9021. (b) Zhang, W.; Simanek, E. Eetrahedron Lett.
2001, 42, 5355-5357.

(19) (a) Buhleier, E.; Wehner, W.; \¢tle, F.Synthesid978 155-158.
(b) Worner, C.; Midlhaupt, R Angew. Chem., Int. Ed. Endl993 32, 1306—
1308. (c) de Brabander-van den Berg, E. M. M.; Meijer, E. Avigew.
Chem., Int. Ed. Engl1993 32, 1308-1311. (d) Hawker, C.; Fhet, J.
M. J. Chem. Commur199Q 1010-1013.

(20) (a) Nlate, S.; Ruiz, J.; Sartor, V.; Navarro, R.; Blais, J. C.; Astruc,
D. Chem—Eur. J.200Q 6, 2544-2553. (b) Hger, S.Synthesid997, 20—
22. (c) Sartor, V.; Djakovitch, L.; Fillaut, J. L.; Moulines, F.; Neveu, F.;
Marvaud, V.; Guittard, J.; Blais, J. C.; Astruc, D.Am. Chem. S0od999
121, 2929-2930.

(21) (a) Brouwer, A. J.; Mulders, S. J. E.; Liskamp, R. M.ELr. J.
Org. Chem?2001, 1903-1915. (b) Uhrich, K. E.; Frehet, J. M. JJ. Chem.
Soc., Perkin Trans. 1992 1623-1630. (c) Bayliff, P. M.; Feast, W. J.;
Parker, D.Polym. Bull. 1992 29, 265-270. (d) Voit, B. I.; Wolf, D.
Tetrahedronl997 53, 15535-15551. (e) Brettreich, M.; Hirsch, /ASynlett
1998 1396-1398.

(22) (a) Miller, T. M.; Kwock, E. W.; Neenan, T. XMacromolecules
1992 25, 3143-3148. (b) Kwock, E. W.; Neenan, T. X.; Miller, T. M.
Chem. Mater1991, 3, 775-777.

(23) Peng, Z.; Pan, Y.; Xu, B.; Zhang,J.Am. Chem. So200Q 122
6619-6623.

(24) Rannard, S. P.; Davis, N.J. Am. Chem. So200Q 122 11729~
11730.

(25) Colonna, B.; Harding, V. D.; Nepogodiev, S. A.; Raymo, F. M,;
Spencer, N.; Stoddart, J. Ehem—Eur. J. 1998 4, 1244-1254.

(26) Sadalapure, K.; Lindhorst, T..Kingew. Chem., Int. EQ00Q 39,
2010-2013.

(27) (a) Morikawa, A.; Kakimoto, M.; Imai, YMacromolecules.992
25, 3247-3253. (b) Morikawa, A.; Kakimoto, M.-A.; Imai, YMacromol-
ecules199], 24, 3469-3474.



Synthesis of a Second-Generation Dendrimer

SCHEME 1.

Uncommitted
Architecture

O_(NHz)e — O_(NH2)12
Gl &

finally the third substitution typically occurs in 24 h and
requires temperatures above ®D. These characteristics allow
for the preparation of triazine dendrimers with significant
structural diversity (based both on the number of diamines
available and the ability to manipulate their placement within
the structure}® Indeed, without this level of control, neither
the dichlorotriazine monomer, nor iterative generations of
dendrimers, could be produced with any fidelity. Moreover, this
reactivity offers an opportunity to control composition through
the inclusion of groups (here, piperidine to convey solubility)
at each generatidhand to enable structurgproperty relation-
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Target 1 is the Last Uncommitted Intermediate in the Preparation of Candidate Diagnostics or Therapeutics

Committed
Architecture
(Candidate Polymer Therapeutic)

O

azines and 12 masked amines. This target represents the final
uncommitted intermediate that can be elaborated to a wealth of
diagnostic and therapeutic candidates/models, some of which
are currently being explored in our laboratory. The value of
such polymer therapeutics have been establish&the com-
mitted architectures result from elaboration of the target
molecule to generation three dendrimers displaying groups
numbering 12 and 12 or 12 and 24.

Here, we describe a divergent approach that benefits from
ease of execution, simplicity in purification, and amenability
to large-scale industrial synthesis. This divergent approach is

(X2

— (V)12 0r (Y)z4

—_—

ship studies in targets that have been described as well as thoseargely universal; most commercially available dendrimers are

forthcoming?®
Our research is aimed at the development of practical,

synthesized via the divergent approach. The target molécule
(Figure 1) can be obtained in high yield and purity requiring

environmentally benign, and scaleable syntheses of triazineonly one chromatographic silica-plug filtration after the final

dendrimers that circumvent many of the barriers mentioned
above. Here, we report the kilogram-scale synthesis of a

reaction.

generation two dendrimer. This material represents an importantpagits and Discussion
endpoint for synthesis: this compound presents 12 amines that

can be functionalized (Scheme 1). The penultimate material
affords additional opportunities for diversity with 6 chlorotri-

The synthesis requires iterative reactions of a dichlorotriazine
intermediate on the dendrimer core followed by capping of the

NHBoc
CIN Ns N NHBoc
NYN
H/NH NHBoc
BocHN Ql N\\(N\/\/H NSy NS AHBoo
NljéN NN
BocHN_~_N<_N FO N N
ot (J @
NYN N
HN N)QN
ST WS aaeis
NN N ~_N_N_N N._N._N
Y T
N N Z Z
Y b Y
N\H (N) N
NHBoc  NHBoc NH HN NHBoc

FIGURE 1. Targetl comprising 12 Boc-protected amine groups.
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SCHEME 2. Synthesis of Core 3
Boc H
) )
N
)C\\I N j; HCI (6N) 'j)%N
NN [ j DIPEA NN
+ —_— —_—
H 80-85 °C 0°C,rt HN\) K/NH
16 h BocN\) K/NBoc 12vh‘ :
96% 2 94% 3
SCHEME 3. Synthesis of the Monomer
NHBoc
/_FNHBOC Acetone-H,0
Cl Ny -C! NaHCO, Cl N\\(N\/\/NHBOC
I + HN |
NN \—\_ 0°C-rt. N\fN
Cl NHBoc 54 h Cl
86%
4 5

resulting poly(monochlorotriazine) dendrimer with piperidine

spectroscopy, and elemental analysis. MonorBecan be

and deprotection. This strategy can be affected up to the fifth regarded as an AB' building unit where A is the first chloride

generation at laboratory sc@®The synthesis ofl proceeds

displaced via nucleophilic aromatic substitutionjthe second

without isolation of chlorinated dendrimers. Other intermediates chloride to be displaced, and B represents the Boc-protected
are isolated through precipitation, recrystallization, and solvent amines. This monomer undergoes clean nucleophilic aromatic

extraction.

The core of target is obtained in two steps. The reaction of
cyanuric chloride with Boc-piperazine in acetooe THF at
80—85 °C in presence oN,N-diisopropylethylamine (DIPEA)
for 16 h under nitrogen atmosphere affo@ls 82% and 96%
yield, respectively. Compourgiwas recrystallized from dichlo-
romethanehexane and characterized By NMR, 13C NMR,

substitution reactions to afford monochlorotriazine decorated
macromolecules.

We adopt a nomenclature for subsequent intermediates that
reveals both generation and surface groups. The synthesis of
G1-Cl (6), G1-Pip {7), and G1-NH (8) is shown in Scheme 4.

Core3 is reacted with 3.0 equiv of monomBrin acetone-
water at 0°C and then room temperature in the presence of

MS spectroscopy, and elemental analysis. Cleavage of the Bock ,c0O; to give the G1-Cl dendrof, which precipitates out of

group usiig 6 N hydrochloric acid in methanol at°@ for 3 h

solution as a white solid in quantitative yields. Monitoring the

and then at room temperature for 12 h affords the desired reaction mixtures with thin layer chromatography (TLC) and

product3 in 94% yield (Scheme 2). Corgwas recrystallized
from chloroform-hexane and characterized Hy NMR, 13C
NMR, MS spectroscopy, and elemental analysis.

The monomer used throughout the synthesigomprises a

MALDI-TOF mass spectrometry revealed a small quantity of
unreacted monomér. To avoid standard flash chromatography
on silica gel, we carried the crude product into the next step
using a laboratory scale experiment and found that these

dichloro-1,3,5-triazine with a branching triamine bearing two impurities could be easily separated from the product by
BOC-protected amines (Scheme 3). This triamine is prepared precipitation of the latter using acetone, followed by filtration.

using Boc-ON (2-(Boc-oxyimino)-2-phenylacetonitrile)) on a
2.5 kg scale. The primary amines of 3ifhinobispropylamine

Nevertheless, a small amount of the crude material from this
was subjected to chromatography in order to unambigously

are selectively protected using THF as solvent and without basecharacterizes using*H NMR, 13C NMR, MALDI-TOF mass

to yield 4 in 84%. Using this procedure, no amount of Boc-

spectrometry, HPLC, and elemental analysis. Batches up to 750

protected secondary amine was detected. In contrast to previg of the G1-Cl dendro6 in a 22 L reactor were reacted with
OUS|y -I’epor-ted procedures, we have eliminated the need f0r15 equiv of piperidine as a Capping group in acetone &E0
organic amine bases and, as a result, the need for unnecessamnd then warmed to room temperature and stirred for 48 h, at

extraction step3?30 The solvent, THF, was recovered and

which point the reaction was judged to be complete (TLC and

subsequently used again without further purification. Reaction MALDI-TOF MS monitoring). Intermediate? is afforded in

of 4 with cyanuric chloride in acetorewater in the presence
of inexpensive inorganic base NaHg@oduces in 86% yield
(Scheme 3). Monomeb was isolated by precipitation from
acetone-water and characterized B NMR, 13C NMR, MS

(28) (a) Duncan, RBiochem. Soc. Trang007, 35, 56—60. (b) Duncan,
R.; Vicent, M. J.; Greco, F.; Nicholson, R.Endocr. Relat. Cance2005
12, S189-S199. (c) Malik, N.; Wiwattanapatapee, R.; Klopsch, R.; Lorenz,
K.; Frey, H.; Weener, J. W.; MeijelE . W.; Paulus, W.; Duncan, R.
Controlled Releas200Q 68, 299-302. (d) Wiwattanapatapee, R.; Carreno-
Gomez, B.; Malik, N.; Duncan, RPharm. Res200Q 17, 991—998.

(29) Crampton, H.; Hollink, E.; Perez, L. M.; Simanek, E. New J.
Chem 2007, 31, 1283-1290.

(30) Hollink, E.; Simanek, E. EOrg. Lett.2006 8, 2293-2295.
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85% yield as a white solid after workup. The excess piperidine
used to ensure complete reaction could be removed with an
acid—base wash. The low yield of 85% is attributed to losses
resulting from handling/discarding emulsions that formed during
the wash process. The side product that results from substitution
of both chlorine atoms of monomé&rwith piperidine is highly
soluble in acetonewater, whereas the produtts essentially
insoluble in acetonewater and thus can be completely removed
by filtration. The result is a procedure that is simple, efficient,
scalable, and free of chromatography. Characterization of these
materials was performed using NMR spectroscopy, mass
spectrometry, HPLC, and elemental analysis.
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SCHEME 4. Synthesis of Dendrimers 6-8
NHBoc
Cl< NN NHBo
A
Y
)
acetone-H,0O N
K,CO; BocHN NN
3 + 5 7\ A
0°C -rt. () N @
48 h BOCHN\/\,NYN\ N N N Cl
Y Y
100% N\fN N\fN
o] N
G1-Cl
6
NHBoc NHBoc
acetone-H,0
0°C-rt. N
48 h
85%
NH, NHBoc
O\ILI,N\\NrN\/\/NHz Q?\},NT\:N\/\,NHBOC
[Nj MeOH Nj
HN “1)%” HCI (12N)  BocHN ’Y*N
oo WSROV W s o o W's
HZN\/\,N\I\}rNTN N\r\}rN\\NrN 400h BocHN\/\,N\NﬁN\\NrN N\NWNIN
Y Y 9% Y Y
NH,  NH, NHBoc  NHBoc
G1-NH- G1-Pip
8 7

Cleavage of the BOC groups @femploying 12 N hydro-
chloric acid in methanol (1:2) resulted, after 40 h &@then
at room temperature, in amine-terminated dendrimer G%2-NH
(8) in quantitative yield. The workup consisted of concentrating
the reaction mixture to minimum volume, followed by addition
of a 5 M NaOH aqueous solution to the acidic solution.
Dendrimer8 precipitated from the alkaline solution as a white
solid. Because filtration of this compound proceeded slowly and
resulted in a wet product, we turned to extraction with
chloroform. To avoid emulsions, a continuous liquldjuid
extraction was employed. Dendrim8rwas characterized by
IH NMR, 13C NMR, MS spectroscopy, and elemental analy-
sis. A single species was observed in the mass spectrum
corresponding to the expected isotope ration offMH]* and
[M + NaJ* (Figure 2). These observations are completely in
accord with elemental analysis data which show high purity of
8 with a water content of 2.0 #0/8 (see the Supporting
Information).

The synthesis of intermediateis shown in Scheme 5. In
two steps, dendrime8 is reacted with monomes and then
capped with piperidine. The first reaction requires 6 equi of
in acetone-water at 0°C and then ambient temperature in the
presence of N&LOs. Dendrimer9 precipitates out of solution
as a gum which upon extraction from the agueous medium turns

into a white solid. Both TLC and MALDI-TOF MS analysis of
this product showed the presence of the desired praialcing
with a small amount of unreacted monorbemn addition, HPLC
analysis of the crude reaction mixture indicated also that the
predominant species were product and minor impurities of
totaling only about 7% (see the Supporting Information). A small
amount of the crude material 8fwas subjected to chromato-
graphic separation and further characterizeddyNMR, 13C
NMR, MALDI-TOF mass spectrometry, HPLC, and elemental
analysis. This mixture was advanced to the next reaction. In an
experiment analogous tB, batches up to 1250 g of crude
were reacted with 18 equiv of piperidine in acetoneater at
room temperature. Monitoring the progress of the reaction by
TLC and MALDI-TOF MS, the nucleophilic substitution of the
six chlorine atoms with the secondary amine to give the G2-
Pip (1) was complete within 48 h as shown in Figure 3. Unlike
7, which could be isolated by precipitation in aceteteater,
both 1 and the side product derived from reaction of monomer
5 with piperidine &-Pip) were soluble under a variety of
conditions. After evaluating a range of techniques including
recrystallization and selective precipitation, we turned to
chromatographic purification df which could be executed in

a plug-filtration fashion and provided material that shows a

J. Org. ChemVol. 73, No. 6, 2008 2361
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FIGURE 2. MALDI-TOF MS spectra of the G1-NKHdendrimer8.

SCHEME 5. Synthesis of Dendrimers 9 and 1

Nj&N
NH H/NHBOC
J H
BocHN O\j N\ N~UN N\ N _~_NHBoc
|
7\ NIW¢N NN

HN S
8 G2-Cl DY
acetoneH,0 9  acetone-H0 G 9y NN O

Nal??03 4gti'1 N | Ngp NN | AN N\) K/N | N
36h 83% NN NN NN
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single ion by mass spectrometry and appears pure by NMR corresponding piperidine analogédesluted as a single narrow
spectroscopy, and elemental analysis. peak with a purity of 95%. The cor®, appears to be 99%
HPLC analysis allowed us to further assign purity and reaction pure. The desired produttelutes as single broad peak with a
efficiencies for many of these species includihg3, 5, 6, 7, purity of 88-97% dependent on the batch. This broadness is
and9 and quanitify side products includirigsPip. A gradient an artifact of loading; at this loading, the impurities are readily
of CH3;CN and THF revealed the greatest extent of impurities. identifiable. At lessor loading even prior to chromatography
In Figure 4, both the first- and second-generation chloride (Supporting Information), not all species are resolved from the
dendrimers and9 eluted as single narrow peaks after column baseline. While alternative explanations for some of these
purification with a purity of 99 and 96%, respectively. The impurities including aggregate species have not been ruled out,
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FIGURE 3. MALDI-TOF MS spectra of the G1-Pip dendrimérat
different reaction times of 1, 24, and 48 h. The starting material and
product are shown. Thet” sign indicates substitution of a chlorine
atome with a piperidine group. Six substitutions are required to provide
product.

5-Pip
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FIGURE 4. Traces obtained on an HPLC apparatus equipped with a
C18 silica based reversed-phase column ¢4 250 mm, 5um, 100 A
pore size) using acetonitrile/THF (7:3) as solvent (1 mL/min). Injec-
tion: 40uL. The detection wavelength of UV was 240 nm. Run time:
30 min.

GPC traces of the material in organic solvents do not readily
support this hypothes#.

The Boc-protecting group df can be removed to afford the
amino-terminated dendrimer G2-NKL0) in quantitative yield
(Scheme 6). The G2-NH10) was characterized by4 NMR,
13C NMR, and mass spectrometry. A single species was

JOC Article

in identical proportions. All reagents derive from commercially
available materials, and with the exception of the BOC-reagent,
are inexpensive. The reagent and solvent costs incurred are
<$10/g ofl at the scales performed. It is estimated that a single
scientist could prepare 20 kg/yr using the simple laboratory
equipment (22 L flasks, small volume rotory evaporators)
available in our laboratory. Simple isolation and purification
procedures could be used with the exception of a single
chromatography step. The simplicity and reliability of this
approach should permit an extension of this synthetic methodol-
ogy to the synthesis of higher-generation dendrimers. With more
than 1 kg of material in hand, a range of generation three
materials, diagnostics and therapeutics are now accessible.

Experimental Methods

Intermediate 2. Method A. In a 3 L round-bottom flask (RBF)
were mixed cyanuric chloride (30.0 g, 0.16 mol) and Boc-protected
piperazine (100.0 g, 0.54 moly il L of THF andstirred at rt for
1 h. DIPEA (284.0 mL, 1.63 mol) was added, and the reaction
was stirred at room temperature fb h and then at 8685 °C for
16 h, at which point the reaction was deemed to be complete by
TLC (silica gel,R = 0.6 using 5% CHOH/CH,CI,). After being
cooled to room temperature, the solvent was removed in vacuo,
and then the white residue was dissolved in 600 mL ofLClH
This solution was washed with water ¢3 250 mL) and brine (3
x 200 mL). The organic phase was dried with,8@y. Following
filtration, the solvent was removed under reduced pressure to give
2 as white solid. The product was further recrystallized fromyCH
Cl,—hexanes to yield a white crystalline material (98.7 g, 96%).
IH NMR (CDCl;, 300 MHz)6: 3.74 (m, 12 H), 3.44 (m, 12 H),
1.47 (s, 27 H)13C NMR (CDChk, 75 Hz)o: 165.3, 154.8, 79.9,
42.9, 28.4. MS (ESI-TOF): calcd forsgHs1NgOg 633.40, found
634.40 (M+ H)™. Anal. Calcd for GoHs:NgOg: C, 56.85; H, 8.11;

N, 19.89. Found: C, 56.92; H, 8.18; N, 19.89.

Method B. In a 5 L, three-neck RBF was dissolved cyanuric
chloride (75.0 g, 0.41 mol) in acetone (2 L) cooled té@ Boc-
protected piperazine (250.0 g, 1.34 mal) 1 L of acetone was
added to the cyanuric chloride solution over a peribdl b followed
by DIPEA (708 mL, 4.06 mol). The white suspension was allowed
to stir at 0°C for 1 h, allowed to warm to rt, and then heated at
80—85 °C for 24 h. After the suspension was cooled to room
temperature, the solvent was removed in vacuo, and then the white
residue was dissolved in 1.2 L of GEl,. This solution was washed
with water (3x 500 mL) and brine (3x 500 mL). The organic
phase was dried with N8O, and the solvent evaporated under
reduced pressure. The product was further recrystallized fro; CH
Cl,—hexanes to yield the desired product as a white crystalline
material (213 g, 82%). TLC, NMR, and MS spectra analysis of
this material showed the presence of the desired product.

Core 3. In a 3 L round-bottom flask (RBF) was dissolved
intermediate2 (177 g, 0.28 mol) in 1.8 L of CkDH, and 933 mL
of 6 N HCI was added. The light yellow solution was allowed to
stir at 0°C for 3 h and then at room temperature for 12 h. The

observed in the mass spectrum corresponding to the expectedolatile components were removed by evaporation, and the resulting

isotope ratio of the expected cation [ H]™.

aqueous solution was made alkaline (pH14) by addition of a

In summary, we have developed a kilogram scale process10% NaOH solution. Usima 1 Lliquid—liquid extractor, the milky

for the synthesis of generation two triazine dendrimers. This
route can be executed in five steps in 70% overall yield from

the monomers. We attribute these suboptimal yields to our

existing physical infrastructure and isolation protocols, and not
primarily to the existence of sideproducts. The purity of the
final material £~93%) leads us to refer to it as “technical grade”

although materials with similar purities are being considered
for potential clinical applications. Presently, however, we do

alkaline solution (using~500 mL each time) was extracted with
CHCI; (4 L total) until it became clear<4 h). The organic phase
was dried over Ng50Oy, and the solvent was evaporated to dryness
to give the desired produc® as a white solid (88 g, 94%).
Subsequent crystallization from a CHEhexane solution produced

a crystalline materiatH NMR (CDsOD, 300 Hz)o: 4.04 (t, 5.3
Hz, 12 H), 3.24 (t, 5.3 Hz, 12 H)}:3C NMR (CD;0OD, 75 Hz)d:
166.6, 44.4, 41.2. MS (ESI-TOF): calcd fogg8,7Ng 333.24, found
334.25 (M+ H)*. Anal. Calcd for GsH,7Ng-0.25H,0: C, 53.26;

not know whether these impurities can be reproducibly produced H, 8.06; N, 37.28. Found: C, 53.02; H, 8.01; N, 37.27.
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SCHEME 6. Synthesis of Dendrimer 10
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G2-NH,
10

HN(CH,CH,CH;NHBoc), (4). Prior to starting the reaction, a  over a period of 3 h. The white mixture was allowed to stir &0
solution of HN(CHCH,CH,NH,), (666.0 g, 5.07 mol) in 7.0 L of for 12 h and then allowed to warm to rt and stirred for a further 24
THF in a 22 L three-neck RBF fitted with a mechanical stirrer and h. The product was filtered, and the solvent was concentrated under
BOC-ON (2.5 Kg, 10.15 mol) in 8.0 L of THF in tw4 L large reduced pressure to yield more material. The white solid was
erlenmeyers were cooled t6’C. The BOC-ON solution was added  dissolved m 4 L of CH,Cl,, washed with HO (3 x 1.5 L) and
gradually in 500 mL portions to the triamine solution owe2 h brine (1 x 1 L), and dried with NgSQ. Following filtration, the
period. After complete addition, the mixture was allowed to stir at solvent was concentratee-{ L) in vacuo, and the produ&was
0 °C for 5 h and then at 25C for 14 h. The solvent was removed obtained as a pure white solid by reprecipitation with hexane.
under reduced pressure, and the recycled THF was subsequentlyrield: 810 g (86%)."H NMR (300 MHz, CDC}) ¢: 5.02 (br,
used again without further purification in a scale-up process. The 2H), 3.61 (t,3Jy—y = 7 Hz, 4H), 3.12 (t3Jy-n = 6 Hz, 2H), 3.11
residue was dissolved in 4.0 L of GEll,. This solution was washed  (t, 3Jy_y = 6 Hz, 2H), 1.78 (tt3Jy—n = 7 Hz,3J4_x = 6 Hz, 4H),
with water and brine (3x 1.5 L each). The organic phase was 1.43 (s, 18H)33C{H} NMR (75.5 MHz, CDC}) 6: 170.1, 164.7,
dried with NaSOy. Following filtration, the solvent was removed  156.0, 79.3, 44.9, 37.3, 28.3, 27.7). MS (ESI): calcd 478.1862
under reduced pressure to afford an oily product. An off-white solid (M)*, found 479.1797 (M+ H)*. Anal. Calcd for GgHz,Cl,NgOy4:
was precipitated after addition of hexane (1.5 L) to the oily C, 47.60; H, 6.73; N, 17.53. Found: C, 47.67; H, 6.79; N, 17.42.
compound and upon standing for 24 h in the freezer. The solid G1-Cl (6). In a 22 L three-neck RBF fitted with two 1 L
was filtered, washed thoroughly with hexane, and dried under high additional funnels and a mechanical stirrer was dissolved monomer
vacuum. This material was further recrystallized from ;CH— 5 (646 g, 1.35 mol) in acetone (9 L) and the mixture cooled to
hexanes (1:1) to yield a white crystalline material (1.41 kg, 84%). 0 °C. To a chilled solution of8 (150 g, 0.45 mol) in HO (5 L)

IH NMR (300 MHz, CDC}) 6: 5.17 (br, 2H), 3.19 (t3Jy_y =6 was added a solution of O3 (621 g, 4.49 moL)n 3 L of H,O.

Hz, 2H), 3.17 (t2J4—n = 6 Hz, 2H), 2.62 (t2Jy—n = 6 Hz, 4H), The clear aqueous solution was added dropwise to the acetone
1.62 (tt,3Jy—n = 6 Hz,3Jy—n = 6 Hz, 4H), 1.41 (s, 18H):3C{'H} solution at 0°C over a period of 15 h. A white suspension was
NMR (75.5 MHz, CDCY}) 6: 156.1, 78.9, 47.2, 38.7, 29.6, 28.3. obtained after complete addition which was left to stir &C0for

MS (ESI): calcd for GgHz3N304 331.2471 (MY, found 332.2490 5 h, warmed gradually to 25, and allowed to stir for an additional

(M + H)™. Anal. Calcd for GeHssNsO4: C, 57.98; H, 10.04; N, 15 h. Monitoring by TLC (SiQ, 2% MeOH/CHCI,) confirmed
12.68. Found: C, 57.87; H, 10.07; N, 12.54. that the reaction was complete. The white solid was filtered and

Monomer 5. In a 22 L three neck RBF fitted with two 2 L  the solvent was concentrated under reduced pressure to yield more
additional funnels and a mechanical stirrer was dissolved cyanuric product ¢~ 10 g). The wet solids were dissolved in @&, (10 L),
chloride (362.0 g, 1.96 mol) in acetone (2.5 L) and the mixture and the aqueous phase was separated. The organic phase was
cooled to 0°C. A solution of4 (650 g, 1.96 mol) in acetone (9 L)  washed with water (3« 1.5 L) and brine (3x 1.5 L) and dried
was added dropwise to the cyanuric chloride solution over a period with Na,SO,. Following filtration, the solvent was removed under
of 15 h. A white suspension formed during the course of addition. reduced pressure to yield a white crude material (748 g, 100%).
NaHCG; (165 g, 1.96 mol) in water (2.5 L) was added dropwise Both TLC and MALDI-TOF MS analysis of this material showed
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the presence of the desired product along with minute amount of the oily solution using hexane and upon standing for 48 h in the

unreacted5. This material was suitable for use without further
purification; however, a small amount was purified for spectral
characterization using column chromatography on silica gel (1:1
CH,CI,/EtOAc; R = 0.10 using 20:1 CkCI,/CH;OH) as the
developing solvent) to afford the product as a white S8HINMR
(300 MHz, CDC¥) 6: 5.60 (br, 3H), 4.85 (br, 3H), 3.81 (br, 24H),
3.56 (m, 12H), 3.07 (m, 12H), 1.74 (m, 12H), 1.41 (s, 541¢-
{H} NMR (75.5 MHz, CDC}) 6: 169.2, 165.1, 164.8, 164.2,

156.1, 155.8, 79.1, 78.7, 43.8, 43.3, 42.9, 42.7, 37.7, 36.7, 28.3,

28.2, 27.8, 27.7. MS (MALDI): calcd 1659.8675 (1Y) found
1660.9742 (M+ H)*, 1684.2368 (M+ Na)", 1688.2095 (M+
K)*. Anal. Calcd for GoH12fClaNo7O12: C, 52.02; H, 7.28; N, 22.75;
Cl, 6.40. Found: C, 51.95; H, 7.27; N, 22.58; Cl, 6.27.

G1-Pip (7).In a 22 L three neck RBF fitted with a mechanical
stirrer,6 (743 g, 0.45 mol) in acetone (18 L) was allowed to stir at
0 °C for 1 h. Once dissolution was almost complete, piperidine
(633 mL, 6.71 mol) was added. The mixture was stirred &C0
for 24 h, warmed to rt, and further stirred for an additional 24 h,
at which point the reaction was judged to be complete (TLC

freezer (205 g>99%).'H NMR (300 MHz, CDC}) o: 3.74 (br,
24H), 3.66 (br, 12H), 3.58 (br 34— = 7 Hz, 12H), 2.63 (br,
12H), 1.68 (br m, 12H), 1.57 (br, 6H), 1.49 (br, 12H), 1.38 (br,
12H). B3C{*H} NMR (75.5 MHz, CDC}) 6: 165.5, 165.2, 164.8,
44.0,43.0, 42.4, 39.1, 39.0, 31.3, 25.7, 24.9. MS (MALDI): calcd
1206.8904 (My, found 1207.9496 (M+ H)*. Anal. Calcd for
CsHi10N302H,0: C, 55.03; H, 8.52; N, 33.79. Found: C, 55.13;
H, 8.16; N, 33.39.

G2-Cl (9). A 22 L, three neck RBF equipped with a mechanical
stirrer was charged with 130 g (0.11 mol)®&nd 5 L of HO. A
solution of NaCO; (205 g, 1.94 mol) in 1.5 L of KD was added,
and the resulting slurry solution was stirred at 25 for 1 h. A
solution of5 (310 g, 0.65 mol) in acetone (13 L) was added, and
the reaction mixture was stirred at 268 for 36 h. The reaction
was monitored by MALDI-TOF MS and TLC (silica gel, 5% GH
OH/CH,Cl,, R = 0.2) and deemed to be complete as a result a
yellow gummy precipitated at the bottom of the flask during this
time. The solvent was removed on rotary evaporatek3 L), and
the resulting aqueous suspension was dissolved igCGH4 L).

monitoring, silica gel, 2% CEDH/CH,CI,). The resulting suspen-  The aqueous layer was removed, and the organic phase was washed
sion was filtered, washed with acetone (6 L), and dried under with H,O (3 x 500 mL) and brine (3x 500 mL) and dried with
vacuum to afford 903 g of a white crude material. TLC analysis of N&SQ,. Following filtration, the solvent was removed on rotary
the crude compound showed one spot under UV lamp; however, evaporator to afford a white crude material (420 g, 99%). Both
after a ninhydrin stain a second spot was observed at the baselineTLC and MALDI-TOF MS analysis of this material showed the
which corresponds to the excess piperidine. The acetone filtratespresence of the desired product along a small amount of unreacted
(24 L) were concentrated to yield a light yellow residue. TLC 5. This material was suitable for use without further purification;
analysis of this material showed that it corresponded to the reactive however, a small amount was purified for spectral characterization
impurities 5 with piperidine 6-Pip) and it contained none of the  using column chromatography on silica gel (40:1,CH/CH;OH;
desired product. It was therefore discarded. The white solid was Ry = 0.19 using 20:1 CkCI,/CH3;OH as developing solvent) to
dissolved in CHQ (6 L), and this solution was washed with 5%  afford the product as a white solid. The excess/unreaStedy
aqueous HCI solution (% 1 L), 5% aqueous NaOH solution (3 also recovered from this purificatioiR{= 0.50 using 20:1 CH

1 L), and then brine (3x 1 L). Monitoring by TLC showed the Cl,/MeOH as the developing solventd NMR (300 MHz, CDC})
disappearance of the excess piperidine to be complete. The organi@: 6.60-4.80 (br, 18H), 3.80 (br, 24H), 3.72 (br, 12H), 3.56 (br,
phase was dried with N&O,, and the solvent was removed in vacuo  36H), 3.36 (br, 12H), 3.05 (br, 24H), 1.83 (br, 12H), 1.70 (br, 30H),
to afford an oily product. A white solid was precipitated after 1.60 (br, 12H), 1.42 (s, 54H), 1.39 (s, 54HjC{H} NMR (75.5
addition of hexane to the oily compound and upon standing for 48 MHz, CDCk) ¢: 169.2, 168.4, 165.4, 165.1, 164.9, 164.6, 156.0,

h in the freezer. The solid was filtered, washed thoroughly with 155.7, 78.9, 78.6, 44.0, 37.6, 36.6, 28.2, 27.7, 25.6, 24.8. MS

hexane, and dried under high vacuum. Yield: 690 g, 8%98\MR
(300 MHz, CDC}) 6: 5.33 (br, 6H), 3.78 (br, 24H), 3.70 (br, 12H),
3.56 (br, 12H), 3.02 (br, 12H), 1.67 (br, 12H), 1.59 (br, 6H), 1.52
(br, 12H), 1.37 (s, 54H)!3C{*H} NMR (75.5 MHz, CDC}) ¢:

(MALDI): calcd 3860.1476 (M), found 3860.5223. Anal. Calcd
for C171H283C|6N66024: C, 53.14; H, 7.51; N, 23.92; CI, 5.50.
Found: C, 53.31; H, 7.52; N, 23.79; CI, 5.41.

G2-Pip (1).In a 22 L three-neck RBF fitted with a mechanical

165.7,165.1, 164.7, 155.8, 78.7, 44.0, 43.0, 42.8, 41.5, 37.0, 36.8,stirrer, G2-Cl (9) (1240 g, 0.32 mol) in acetone (16 L) was allowed

28.3,27.4,25.6, 24.7. MS (MALDI): calcd 1807.2050()\ifound
1808.3271 (NH‘ H+). Anal. Calcd for GH150N30012: C, 57.78;
H, 8.36; N, 23.24. Found: C, 57.78; H, 8.26; N, 23.18.

G1-NH, (8). Prior to starting the reaction, methanol and
concentrated HCl were cooled tdG for 3 h. In a 22 L three neck
RBF fitted with a mechanical stirrer was dissolve¢315 g, 0.17
mol) in CH;OH (9 L) and the mixture allowed to stir at®@ for
30 min. Concentrated HCI (12 N, 4.5 L) was added in 500 mL
portions over a period of 2.5 h with a 15 min interval between
each addition. The temperature slightly rose t&C5after addition.
After the addition was complete, the resulting yellow solution was
left to stir at 0°C for 15 h and at 25C for 24 h. The volatile
components were concentrated in vacuo until only8&® mL of
water remained. After cooling to T, the residue was made basic
(pH = 14) with 1.5 L d 5 M NaOH (aq) solution. The resulting

to stir at 25°C for 1 h. To the resulting solution was added
piperidine (470 mL, 5.59 mol), and the mixture was allowed to
stir at 25°C for 48 h at which point the reaction was judged
complete by MALDI-TOF MS and TLC (silica gelRs = 0.49 using

5% CHOH/CH,CI,). The resulting suspension was filtered, washed
with acetone (2 L), and dried to afford 238 g of a lightweight white
material. Analysis (NMR, MS, and TLC) of this material showed
the presence of the pyridinum chloride salt and none of the desired
product, and it was therefore discarded. The filtrate was evaporated
to dryness under reduced pressure to yield a yellowish white solid.
TLC analysis (SiQ 5% MeOH-CH,Cl,) of the crude product
showed two spots under UV lamp, one with Bnvalue of 0.34

that corresponds to the desired product and the second wi an
value of 0.48 and correspondsePip. Furthermore, a ninhydrin
stain showed the presence of a third spot at the baseline which

white suspension was filtered and attempt to dry this compound corresponds to the excess piperidine. The crude product was
under vacuum and with low heating was unsuccessful. The solid dissolved in CHG (8 L) and was washed with 5% aqueous HCI

was partially dissolved in CHEI(4 L). The organic phase was
separated by filtration. The remaining solid was dissolved 0 H

(3 L), and the resulting milky solution was extracted with CEICI
(1 L) using a 1 Lsize liquid-liquid extractor. The extraction was
stopped when the aqueous solution turned clea&5 h). Fresh
CHCI; was used after two successive extraction (500 mL each).
The organic fractions were combined, dried with,8@, and

solution (3x 2 L), 5% aqueous NaOH solution (8 2 L), and
then brine (3x 1 L). TLC monitoring confirmed the disappearance
of the excess piperidine. The organic phase was dried with Na
SOy, and the solvent was removed in vacuo to afford a crude product
which was passed through a column chromatography eluting with
EtOAc—hexane (1:1) to isolate the reactive five impurities with
piperidine 6-Pip), followed with 30% MeOH-CH.CI, to isolate

filtered, and the solvent was removed under reduced pressure. Theahe product. The appropriate fractions were collected, and the
desired material was isolated as a white solid by precipitation from solvent was removed under reduced pressure. The resulting
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yellowish white solid was dried under vaccum for 3 days. Yield: CHCI; (1 L) using a liquid-liquid extractor until the alkaline
1.105 kg, 83%1H NMR (300 MHz, CDC}) 6: 6.71-4.85 (br, agueous solution became clear. The organic phase was dried over
18H), 3.80 (br, 24H), 3.70 (br, 36H), 3.55 (br, 36H), 3.36 (br, 12H), NaSO,, and then the solvent was removed in vacuo to afford the
3.04 (br, 24H), 1.83 (br, 12H), 1.68 (br, 24H), 1.58 (br, 18H), 1.53 product as a white solid. Yield: 3.51 §99%.H NMR (300 MHz,

(br, 36H), 1.38 (s, 108H):3C{'H} NMR (75.5 MHz, CDC}) o: CDCl; with trace CROD) d: 5.22 (br, 6H), 3.68 (br, 24H), 3.60
165.7, 165.3, 164.9, 164.5, 156.0, 78.8, 44.0, 43.0, 41.9, 37.0, 28.4,(br, 12H), 3.52 (br, 36H), 3.45 (br, 24H), 3.19 (br, 12H), 2.48 (br,
27.6, 25.7, 24.8. MS (MALDI): calcd 4154.8224 (1)) found 24H), 1.69 (br, 12H), 1.57 (br, 24H), 1.48 (br, 18H), 1.39 (br, 36H).
4155.2448 (M+ H*). Anal. Calcd for GoiH34gN72024: C, 58.07; 13C{H} NMR (75.5 MHz, CDC} with trace CQOD) ¢: 165.8,

H, 8.44; N, 24.26. Found: C, 57.91; H, 8.33; N, 24.48. The 165.4, 165.2, 165.1, 165.0, 164.6, 164.3, 43.8, 42.8, 41.7, 38.1,
sideproduct5-Pip was recovered during purification (92 ¢+ 37.3,30.3, 27.7, 25.5, 24.6. MS (MALDI): calcd 2954.19327 M
NMR (300 MHz, CDC}) d: 5.35 (br, 2H), 3.69 (34— = 5 Hz, found 2955.0237 (M+ HT). Anal. Calcd for GaHzsN7z

8H), 3.56 (t,3J4—n = 6 Hz, 4H), 3.02 (t3J4—n = 6 Hz, 2H), 3.00 1.5CHCE: C, 54.54; H, 8.08; N, 32.15. Found: C, 54.80; H, 8.08;
(t, 3Ju—n = 6 Hz, 2H), 1.66 (m, 4H), 1.60 (br, 4H), 1.54 (br, 8H), N, 32.48.

1.40 (s, 18H)*3C{H} NMR (75.5 MHz, CDC}) 6: 166.0, 164.9,

156.0, 78.8, 44.1,41.0, 36.8, 28.4, 27.4,25.7,24.9. MS (ESI): caled  Acknowledgment. We gratefully acknowledge the financial
576.4112 (M), found 577.3884 (M+ HY). Anal. Calcd for  gypport of the Robert A. Welch Foundation (A 1439) and the

gzsgszNNs?g 68 59.41; H, 8.96; N, 19.12. Found: C, 59.20; H, National Institutes of Health (NIGMS 45650).

G2-NH; (10). Concentrated aqueous HCI (50 mL) was added
to a solution ofl (5.0 g, 0.32 mmol) in MeOH (100 mL), and the
clear solution was stirred at 2& for 24 h. The volatile components
were concentrated in vacuo until only.@® mL of water remained.
The residue was made basic (pH14) with 85 mL of 10% NaOH
(aq) solution, and the resulting milky suspension was extracted with JO702462T

Supporting Information Available: H and3C NMR spectra,
mass spectroscopy data, and HPLC traces for the compounds
reported herein. This material is available free of charge via the
Internet at http://pubs.acs.org.

2366 J. Org. Chem.Vol. 73, No. 6, 2008



