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ABSTRACT: Pyrimidodiazepine derivatives underwent an
unexpected gold-catalyzed retro-Mannich-type carbon—carbon
bond cleavage and intramolecular nucleophilic cyclization. The
pyrimidodiazepines bearing an alkyne moiety showed novel
orthogonal reactivity in the presence of a gold catalyst, as
opposed to the alkynophilicity that is commonly observed with
gold catalysts. The ring transformation reaction of pyrimido-
diazepines probably proceeds through an acyclic iminium
intermediate. The potential of this synthetic method for the
skeletal diversification of pyrimidine-containing macrocycles
was also demonstrated.

he chemical and biological properties of privileged

heterocycles are of continued interest because of the
existence of these moieties in many bioactive natural products
and FDA-approved pharmaceutical drugs." Among them,
pyrimidine has been extensively utilized in pharmaceutics as a
key structural motif owing to its ability to mimic the structures
and properties of nucleosides.” Pyrimidine and its derivatives
exhibit diverse biological activities, including antibacterial,’
antifungal,4 antiviral,® and anticancer’ properties.

Recently, we reported the synthesis of pyrimidine-containing
polyheterocycles via the recombination of a pyrimidine ring with
various heterocycles to expand molecular diversity using the
privileged substructure-based diversity-oriented synthesis
(pDOS) strategy.”® We also showed that privileged structures
serve as “chemical navigators” to efficiently access the bioactive
chemical space.*™ "% Indeed, skeletal diversity has evolved as a key
element in the design strategy for the construction of druglike
small molecule libraries,"' and there is a high demand for
developing efficient methods to increase skeletal diversity. Thus,
we have been pursuing new intramolecular transformations of
pyrimidine-embedded polyheterocycles using transition-metal
catalysts. In fact, transition-metal catalysis provides an efficient
way to induce remarkable changes within molecular frameworks
in a single step.'” In particular, gold-catalyzed reactions have
attracted much interest in organic synthesis because of the
unique ability of gold catalysts to activate unsaturated carbon—
carbon bonds so that they can react with various nucleophiles."
Gold catalysts have been widely used as selective alkynophiles for
inter- and intramolecular nucleophilic reactions under mild
conditions with excellent functional group tolerance to afford
various heterocyclic products (Scheme 1A)."*
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Scheme 1. Unexpected Discovery of a Novel Gold-Catalyzed
Reaction
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As part of our continuing interest in the diversification of
pyrimidine-embedded molecular frameworks, herein we report a
novel synthetic method using a gold catalyst; this involves a
retro-Mannich-type C—C bond cleavage in pyrimidodiazepines
followed by intramolecular cyclization. The unique reactivity of
the gold catalyst is mainly discussed. Under the AuCl-catalyzed
microwave reaction conditions, the pyrimidodiazepine moiety
can be transformed into imidazolidines, oxazinanes, and
oxazolidines depending on the location and type of intra-
molecular nucleophiles through an iminium intermediate
(Scheme 1B). This gold-catalyzed ring transformation can be
used for the skeletal diversification of one pyrimidine-containing
macrocycle to another in a single step at a late stage of synthesis.
Moreover, this gold-catalyzed C—C bond cleavage occurs in
preference to alkynophilic activation. To the best of our
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knowledge, no gold-catalyzed methodology with orthogonal
reactivity of substrates in the presence of an terminal acetylene
moiety has been reported.

We recently focused on the diversification of pyrimidodiaze-
pine using the pDOS strategy7’8 to construct various
polyheterocyclic scaffolds for molecular diversity to systemati-
cally explore the protein—protein® and protein—DNA/RNA
interactions.’ During this exploration, we designed and
synthesized substrate la bearing a terminal acetylene group
which can be activated by a gold catalyst; subsequent cyclization
via the intramolecular nucleophilic attack of primary alcohol
group would afford a fused morpholine moiety. However, we
failed to obtain the fused morpholine moiety under typical gold-
catalyzed reaction conditions using microwave irradiation
(Scheme 2A). Instead, the terminal acetylene moiety was

Scheme 2. Initial Discovery of a Novel Gold-Catalyzed
Reaction
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found to be intact by 'H and "C NMR spectroscopy.
Surprisingly, this unexpected product 2a was a ring-contracted
heterocycle containing an imidazolidine moiety, formed by gold-
catalyzed C—C bond cleavage and subsequent intramolecular
nucleophilic cyclization of the anilinic nitrogen. To confirm this
transformation, we designed and tested 1b containing a terminal
acetylene group as substrate la and no primary alcohol
nucleophile. As shown in Scheme 2B, the imidazolidine-
containing product 2b was obtained with the terminal acetylene
moiety intact, as determined by 'H NMR spectroscopy. The
exact structure of 2b was confirmed by X-ray crystallography (see
the Supporting Information).

Intrigued by this unexpected result, we attempted to optimize
the gold-catalyzed transformation under various conditions
(Table 1). The feasibility of this process was investigated using
substrate 1c without the terminal acetylene moiety and various
coinage metal catalysts and conditions. First, 1c was thermally
activated in the presence of various gold and silver catalysts
(entries 1—5). Among the tested coinage metal catalysts, AuCl
showed the efficient transformation of 1c to 2¢, but this thermal
reaction was quite slow (23 h, entry 1). Although the reaction
rate of AuCl; was faster than that of other catalysts, the reaction
was not clean (entry 2). In the case of microwave-assisted
activation, the reaction time was effectively reduced,” but the
yield was also significantly decreased (entry 6). To solve this
problem, different solvents were screened; the desired product
2c was obtained in an excellent yield within a short reaction time
when acetonitrile was used (entry 10). Model substrate 1lc
contains two potential nucleophiles, anilinic nitrogen and TIPS-
protected alcohol. To investigate the priority of two competing
nucleophiles, the following experiment were performed by
changing the reaction sequence (see Scheme S9). Based on this

Table 1. Optimization of Reaction Conditions”

Y Aﬁ
NN catalyst »
Q@ ores T
1c 2 OTIPS
entry catalyst conditions® (Sok)n)l'c P Eoo/od)ucc !
1 AuCl DCE, 80 °C,23 h - 96
2 AuCl; DCE, 80°C,2h - 83
3 Au(PPh;)OTf DCE, 80 °C,20 h 95 -
4 AgSbFs DCE, 80 °C,20 h 65 21
5 AgOTf DCE, 80 °C,20 h 87 -
64 AuCl DCE, 80 °C, 100 W, 30 min 82 14
74 AuCl CHCl;, 80 °C, 100 W, 30 min 89 10
84 AuCl DMF, 80 °C, 100 W, 30 min 55 47
94 AuCl THF, 80 °C, 100 W, 30 min 96 -
104 AuCl ACN, 80 °C, 100 W, 30 min - 95

“Reaction conditions: SM, catalyst (10 mol %), solvent (0.1 M).
PDCE: 1,2-dichloroethane. DMF: dimethylformamide. THF: tetrahy-
drofuran. ACN: acetonitrile. “Yields determined by the 'H NMR
analysis of crude products using an internal standard (1,3,5-tri-MeO-
C¢H,). “Microwave conditions.

result, we confirmed that anilinic nitrogen has a higher })riority
over the alcoholic nucleophile when both are available.'”

With the optimized conditions in hand, we performed a series
of reactions to investigate the substrate scope of this gold-
catalyzed ring transformation. As shown in Table 2, alkylamines
and cyclic amines at the R' position were well tolerated,
providing imidazolidine products in good-to-excellent yields.
Diverse substituents on the secondary amine at the R position
were also tolerated, including alkynyl (1a, 1b, and 1d), allyl (1e),
and benzyl (1c, 1g, 1li, and 1k—o0) as well as unmodified
secondary amines (1f, 1h, and 1j). The ester moiety (1h) at the
C-7 position and the silyl ether moiety (1c—g and 1i—k) at the
C-7 and C-8 positions of the pyrimidodiazepine provided the
corresponding products in good yields. However, tosyl or
carbonyl substituents at the R* position failed to provide the
desired products, probably because of the electron-withdrawing
nature of the substituents at the R* position for this reaction (data
not shown). Next, the ability of alcohol nucleophile to form
different types of heterocycles (Table 2, 11—0) was investigated.
The primary alcohol substituents at the C-7 or C-8 position in
the gold-catalyzed transformation of pyrimidodiazepine afforded
either 1,3-oxazinanes (31 and 3m) or oxazolidines (4n and 40),
respectively. To decrease the nucleophilicity of aniline, electron-
donating alkyl substituents as well as electron-withdrawing
carbonyl substituents were introduced at the R® position.
Notably, different reactive nucleophiles in pyrimidodiazepine 1
result in the diverse ring transformations, generating different
heterocycles from the same skeleton.

Using the synthetic method for the pyrimidodiazepine core
skeleton (see Scheme S6), various R* substituents were
introduced at the C-5 position at the stage of the formation of
iminjum intermediate, generated by N-alkylation of SI-4, using
Grignard reagents. The diastereomeric outcome of the alkyl
substituents in 1p—s varied due to the chiral environment
generated by the TIPS-containing substituent at the C-7 position
of the iminium intermediate.® As shown in Table 3, the
diastereomeric ratio of the starting materials (1p—s) was
influenced by the size of R* substituent at the N-6 position
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Table 2. Substrate Scope of Gold-Catalyzed Ring
Transformation Reaction”

1
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] R"
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R3
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“Reaction conditions: SM, AuCl (10 mol %), ACN (0.1 M),
microwave, 100 W, 80 °C, 30 min. “Yield of the isolated product.
“Based on recovered starting materials.

Table 3. Steric Effects of R* and R* Substituents on
Diastereomeric Ratio

Ph N
PR ONT R o
~ AuCI 10 mol % NTS 4
N N ° l _ H)'\\R
| o N N _R2
KN/ " Norips ACN. 100 W, 80°C \\/N R
H A
1p-1s 5p-5s H —OTIPS
entry R* R? SM dr ratio”  pdt dr ratio”  yield® (%)
1 Bn Me (1p) 4:1 >99:1 Sp, 72
2 Bn Bn (1q) 3.6:1 >99:1 Sq, 81
3 Me  Bn(Ir) 2.7:1 21 51,70
4 Me  Me (1s) 3.6:1 121:1 55,92

“Reaction conditions: SM, AuCl (10 mol %), ACN (0.1 M),
microwave, 100 W, 80 °C. YDiastereomeric ratio was determined by
"H NMR analysis. “Yield of the isolated product.

owing to the facial selectivity of Grignard reagents. After the
preparation of a full matrix of either methyl or benzyl substituents
at the C-5 and N-6 positions, the gold-catalyzed ring trans-
formation reaction was performed. Surprisingly, a single product
(Sp and 5q) was observed from a 4:1 mixture of 1p and 3.6:1
mixture of 1q, respectively, in good yield and excellent
diastereoselectivity under the optimized reaction conditions.
However, the corresponding diastereoselectivity decreased when
the size of the R* substituent at the C-S position was smaller
(methyl instead of benzyl) in the case of Ir and 1s. To

understand the mechanistic origin of this diastereoselectivity, the
reactivity of gold-catalyzed ring transformation was further
investigated using a 1:1 mixture of pyrimidodiazepine substrate
1p containing benzyl and methyl moieties at the C-S and N-6
position, respectively. When this gold-catalyzed reaction of 1p
was quenched prior to its full conversion, the desired
imidazolidine Sp was obtained as a single diastereomer, and
the remaining starting material 1p was obtained as a 1:1 mixture
as confirmed by crude "H NMR spectroscopy (Scheme 3A). This

Scheme 3. Experimental Investigation To Elucidate the
Reaction Mechanism of Gold-Catalyzed Ring Transformation
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observation indicates that the gold-catalyzed reaction occurred
through the formation of an identical intermediate from both the
diastereomeric starting materials with the same reaction rate
followed by the intramolecular nucleophilic addition of anilinic
nitrogen to afford the desired product Sp as a single
diastereomer.

On the basis of these experimental results, a probable
mechanism of this gold-catalyzed ring transformation 1nvolv1ng
an iminium intermediate is proposed (Scheme 4).'® Strongly

Scheme 4. Plausible Mechanism of Gold-Catalyzed Ring
Transformation of Pyrimidodiazepine
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nucleophilic trimethylsilyl cyanide (TMSCN) was added to trap
the acyclic iminium intermediate of the gold-catalyzed reaction
of 1¢; the CN-trapped product 6¢ was observed along with the
desired imidazolidine product 2c (Scheme 3B)."” Therefore, it
can be concluded that this AuCl-catalyzed ring transformation of
pyrimidodiazepine is mediated via the in situ generation of an
acyclic 1m1n1um intermediate through gold-catalyzed ring
opening'” and subsequent intramolecular nucleophilic cycliza-
tion. The stereochemical enrichment of this unusual gold-
catalyzed reaction can be attributed to the retro-Mannich-type
cleavage of C—C bond,"® followed by the face-selective trapping

of iminium intermediates (Scheme 4).
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To demonstrate the potential of this synthetic method, the
gold-catalyzed reaction was used to transform medium-sized
rings into larger macrocycles at the last stage of synthesis for
skeletal diversification (Scheme S). The starting materials (1t

Scheme S. Synthetic Utility of This Method
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and lu) were prepared using our standard synthetic methods
including olefin metathesis (Scheme $7).° The 10-membered
pyrimidodiazepines (1t and lu) were subjected to the gold-
catalyzed reaction, allowing the ring enlargement to 12-
membered 2t and 15-membered 3u via the intramolecular
nucleophilic cyclization with aniline and alcohol nucleophiles,
respectively. It is noteworthy that significantly different macro-
cycles were obtained from the same skeleton simply by switching
the reactive nucleophiles. The stereochemical configuration of 2t
and 3u was confirmed by 2D NOESY NMR analysis.'”

In conclusion, a novel orthogonal gold-catalyzed ring
transformation method was developed for pyrimidodiazepine
derivatives in the presence of an alkyne moiety. This gold-
catalyzed reaction is mediated by the in situ generation of acyclic
iminium intermediates via unusual C—C bond cleavage and
subsequent nucleophilic cyclization. The formation of imidazo-
lidine, oxazolidine, and oxazinane derivatives depends on the
type of intramolecular nucleophiles in pyrimidodiazepines. The
stereochemical enrichment of this gold-catalyzed reaction is
probably caused by the facial selectivity of iminium inter-
mediates. This synthetic method was successfully used to
synthesize two different types of macrocycles from the same
skeleton. This method provides a highly concise and effective
protocol to synthesize novel drug candidates with diverse
structures. Further investigations on the mechanistic details of
this gold-catalyzed reaction are currently underway.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.6b03520.

Additional supporting figures and tables, detailed
experimental procedures, synthetic schemes, spectro-
scopic data, and full characterization data of all new
compounds (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: sbpark@snu.ackr.

ORCID

Seung Bum Park: 0000-0003-1753-1433
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Creative Research Initiative
Grant (2014R1A3A2030423) and the Bio & Medical Technol-
ogy Development Program (2012M3A9C4048780) through the
National Research Foundation of Korea (NRF) funded by the
Korean Government (Ministry of Science, ICT & Future
Planning). We thank Prof. Seunghoon Shin at Hanyang
University for discussion of this gold-catalyzed reaction
mechanism. J.K. and J.K. are grateful for their fellowship awarded
by the BK21 Plus Program.

B REFERENCES

(1) (a) Baumann, M.; Baxendale, L. R.; Ley, S. V.; Nikbin, N. Beilstein J.
Org. Chem. 2011, 7, 442. (b) Baumann, M.; Baxendale, L. R. Beilstein J.
Org. Chem. 2013, 9,2265. (c) Vitaku, E.; Smith, D. T.; Njardarson, J. T. J.
Med. Chem. 2014, 57, 10257.

(2) (a) Wang, S.; Folkes, A.; Chuckowree, L; Cockeroft, X.; Sohal, S.;
Miller, W.; Milton, J.; Wren, S. P.; Vicker, N.; Depledge, P.; Scott, J.;
Smith, L.; Jones, H.; Mistry, P.; Faint, R.; Thompson, D.; Cocks, S. J.
Med. Chem. 2004, 47, 1329. (b) Bhuyan, P.; Boruah, R. C.; Sandhy, J. S.
J. Org. Chem. 1990, SS, 568.

(3) Ribble, W.; Hill, W. E.; Ochsner, U. A,; Jarvis, T. C.; Guiles, J. W.;
Janjic, N.; Bullard, J. M. Antimicrob. Agents Chemother. 2010, 54, 4648.

(4) Sun, L; Wy, J;; Zhang, L.; Luo, M.; Sun, D. Molecules 2011, 16,
5618.

(5) Holy, A.; Votruba, I; Masojidkova, M.; Andrei, G.; Snoeck, R;
Naesens, L.; De Clercq, E.; Balzarini, J. J. Med. Chem. 2002, 45, 1918.

(6) Ma, L.-Y,; Zheng, Y.-C.; Wang, S.-Q.; Wang, B.; Wang, Z.-R.; Pang,
L.-P.; Zhang, M.; Wang, J.-W.; Ding, L.; Li, J.; Wang, C.; Hu, B,; Liu, Y.;
Zhang, X.-D.; Wang, J.-J.; Wang, Z.-].; Zhao, W.; Liu, H.-M. J. Med.
Chem. 2015, 58, 1705.

(7) Kim, H.; Tung, T. T ; Park, S. B. Org. Lett. 2013, 1S, 5814.

(8) Kim, J.; Jung, J.; Koo, J.; Cho, W.; Lee, W. S.; Kim, C.; Park, W.;
Park, S. B. Nat. Commun. 2016, 7, 13196.

(9) Lim, D.; Byun, W. G; Koo, J. Y.; Park, H.; Park, S. B. J. Am. Chem.
Soc. 2016, 138, 13630.

(10) (a) Choi, Y.; Kim, H.; Shin, Y.-H.; Park, S. B. Chem. Commun.
2015, 51, 13040. (b) Kim, H.; Jo, A; Ha, J.; Lee, Y.; Hwang, Y. S.; Park,
S. B. Chem. Commun. 2016, 52, 7822.

(11) (a) Couladouros, E. A.; Strongilos, A. T. Angew. Chem., Int. Ed.
2002, 41, 3677. (b) Burke, M. D.; Berger, E. M; Schreiber, S. L. Science
2003, 302, 613. (c) Burke, M. D.; Schreiber, S. L. Angew. Chem.,, Int. Ed.
2004, 43, 46.

(12) Nakamura, I; Yamamoto, Y. Chem. Rev. 2004, 104, 2127.

(13) Hashmi, A. S. K. Chem. Rev. 2007, 107, 3180.

(14) (a) Taskaya, S.; Menges, N.; Balci, M. Beilstein J. Org. Chem. 2018,
11, 897. (b) Yao, L.-F.; Wang, Y.; Huang, K.-W. Org. Chem. Front. 2015,
2,721. (c) James, T.; Simpson, L; Grant, J. A.; Sridharan, V.; Nelson, A.
Org. Lett. 2013, 15, 6094.

(15) (a) Kappe, C. O. Angew. Chem., Int. Ed. 2004, 43, 6250. (b) Kappe,
C. O;; Dallinger, D. Mol. Diversity 2009, 13, 71.

(16) A similar type of reaction mechanism and its intermediate were
proposed in the visible-light-induced cyclization of diamines: Xuan, J.;
Cheng, Y.; An, J.; Lu, L.-Q; Zhang, X.-X.; Xiao, W.-J. Chem. Commun.
2011, 47, 8337.

(17) (a) Yeager, A. R; Min, G. K;; Porco, J. A,, Jr.; Schaus, S. E. Org.
Lett. 2006, 8, 5065. (b) Sawama, Y.; Sawama, Y.; Krause, N. Org. Lett.
2009, 11, 5034

(18) (a) Cramer, N.; Juretschke, J.; Laschat, S.; Baro, A.; Frey, W. Eur. J.
Org. Chem. 2004, 2004, 1397. (b) White, J. D.; Li, Y.; Ihle, D. C. J. Org.
Chem. 2010, 75, 3569. (c) Xia, Y.; Lin, L.; Chang, F.; Liao, Y.; Liu, X;
Feng, X. Angew. Chem., Int. Ed. 2016, 55, 12228.

(19) See the Supporting Information.

DOI: 10.1021/acs.orglett.6b03520
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03520/suppl_file/ol6b03520_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.6b03520
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03520/suppl_file/ol6b03520_si_001.pdf
mailto:sbpark@snu.ac.kr
http://orcid.org/0000-0003-1753-1433
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b03520/suppl_file/ol6b03520_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.6b03520

