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ABSTRACT: A new synthetic route to phosphoramidates by intermolecular C—H amidation is presented. Substrates with
assorted directing groups were activated by an iridium-based catalyst system and reacted with a number of phosphoryl azides,
executing efficient phosphoramidate synthesis via C—N bond formations.

hosphoramidates are abundant structural motifs widely amine.'’ To avoid the use of CCl,, the Staudinger-phosphite

present in natural and unnatural compounds of various reaction allows the use of alkyl azides and phosphates to form
applications. In medicine, a group of phosphoramidate phosphorimidates and subsequent hydrolysis gives the desired
molecules were found to have potent antifungal, antitumor, phosphoramidates.'" Recently, greener procedures, dehydro-
and anti-HIV activities." Furthermore, they have been utilized genative coupling reactions of an amine and a phosphonate,'”
as ligands” for metal-catalyzed organic transformations, as flame and reaction of nitroarene and trialkyl phosphites were
retardants,® and as labeling groups to improve sensitivity in reported.’> While this type of P—N bond formation has been
mass spectroscopy.’ In addition, their utility in organic widely considered, a C—N bond generation strategy has been
synthesis has been validated as precursors to aziridines,” studied only in limited cases.'*"
azetidines,® amines,” imines,® and heterocycles’ (Figure 1). Phosphoryl azides have been utilized in the synthesis of

various organo-phosphorus compounds'® including phosphor-
amidates."*™ Co(1I)- and Ru(IV)-based metalloporphyrin

HoLo 8 Room o catalysts were applied to the intramolecular C—H amidations
o= I J‘ : Mg of phosphoryl azides, affording cyclo-phosphoramidates. The
H 0.0 NN gid OEt RO : ) )

N H T : SpoN Ru(IV) complex was also capable of triggering an intermo-

E)vLLN—P-O o : RO” Sy lde .
7 e : P lecular C—H amidation.”" However, a narrow scope of azides

AL : hindered its utility in synthesis.
_____________ Phosmidosine | Coordination Chemmistry Continuing our exploration on the C—H amidations with
various organic azides,"®™"” we have successfully developed a
o (\]\1/ 'o R’N\\(R N C—N bond formation route to phosphoramidates. An iridium
BIOZP N ; H catalytic system was found to be highly active for an
Et0 H : Imines Amines . . . . .

° : intermolecular amidation with phosphoryl azides. Our system

Flame Retardant N H o Ry Rz 1 i
oo PN : could cover a wide range of substrates and phosphoryl azides

i-ProO~; OH ! &\4 N

-PIO : N e B %R under mild conditions, enabling the highly functionalized

: 1 . . . .
MALDI-TOF ; Aziridines Azetidines phosphoramidates with ease (Scheme 1). The detailed findings

' are disclosed in this letter.

Figure 1. Examples of phosphoramidates in use. To explore the amidation of phosphoryl azides, benzamide

1a was chosen to react with diphenylphosphoryl azide 2a in the
presence of several catalysts known to promote amidations
(Table 1). At first, cationic catalytic species generated in situ
from [Cp*IrCL,],, [Cp*RhCL,],, and [(p-cymene)RuCl, ], with
AgNTTf, were tested as well as Pd(OAc),. Among them, only

Despite their importance, it is surprising to realize that only a
handful of approaches are available toward the synthesis of
phosphoramidates. While the reaction of an amine with a
phosphoryl halide in the presence of a strong base has been
mainly used, several methods were developed as follows. The
Atherton—Todd reaction generates a reactive phosphoryl halide Received: September 16, 2014
in situ from H-phosphonate and CCl,, which reacts with an Published: October 7, 2014

W ACS Publications  © 2014 American Chemical Society 5466 dx.doi.org/10.1021/01502722j | Org. Lett. 2014, 16, 5466—5469



Organic Letters

Scheme 1. Synthetic Routes to Phosphoramidates
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Table 1. Optimization of the Reaction Conditions”

(8] 0. NHt-Bu
9 catalyst H OPh
NHt-Bu * Ny-R-oph ——— N‘P"—OPI“
OPh 1,2-DCE 1]
H 60°C, 24 h 0
1a 2a 3a
entry catalyst additive yield (%)
1 (IrCp*Cl,],/AgNTf, - 28
2 [RhCp*Cl,],/AgNTTf, - nr.
3 [Ru(p-cymene)ClL,],/AgNTf, - <1
4 Pd(OAc), - nr.
5 [:Cp*CL],/AgNTf, NaOAc 99
6 [RhCp*Cl,],/AgNTTf, NaOAc <1
7 [Ru(p-cymene)Cl,],/AgNTf, NaOAc nr.
8 Pd(OAc), NaOAc nr.

“1a (0.20 mmol), 2a (0.24 mmol), catalyst 5.0 mol %, and additive (30
mol %) in 1,2-dichloroethane (1,2-DCE, 0.5 mL). “Yield based on 'H
NMR analysis of the crude mixture using CH,Br, as the internal
standard. n.r. = no reaction.

Cp*Ir(Ill) exhibited a measurable conversion of 28% (entries
1—4). Based on the previous report that carboxylates could
assist C—H bond activations,”® we tested an acetate additive,
NaOAc. Delightfully, the Cp*Ir(III)-based catalyst with NaOAc
gave a desired amidation product in quantitative yield while
other catalysts remained inactive (entries 5—8).

With the optimized conditions in hand, the scope of
substrates was next investigated. Substrates with various
directing groups were reacted with diphenylphosphoryl azide
giving rise to the corresponding phosphoramidates (Scheme 2).
As expected from the previous investigation on the Ir(I1I)-
mediated activation of benzamides,'**! sterically bulky N-
alkyl benzamides facilitated the amidation regardless of the
electronic properties of substrates (3a—e). Then, we examined
the reactivity of various directing groups, including both weakly
and strongly chelating substrates. For ketone directing groups,
it was revealed that the variation of either the steric (3f—h) or
electronic (3i—k) environment did not affect the reactivity. In
addition, cyclic ketones were converted to corresponding
phosphoramidates in high yields (31-m). Then, representative
strong chelates, such as pyridyl and benzo[h]quinoline, were
tested, verifying good functional group tolerance (3n—s). N-
Acetylindoline exhibited excellent reaction efficiency (3t).
Given that substrates needed a six-membered iridacyclic
transmon state to undergo slow or no C—H amidation in
general,"”™ this exceptional efficiency in the reaction of
indoline is of interest along with the utilities of selectively
functionalized indolines. In addition, the present phosphor-
amidation could be extended into a benzylic sp> C—H bond in
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Scheme 2. Substrate Scope of Arenes”
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OPh
=
‘ | PhO, OPh
s
N 0% "NH
O = K oPh
N -OPh
n S s B e At
OPh =
BO% (3sF° 98% (3t) 41% (3u)®

“1 (0.20 mmol) and 2a (0.24 mmol) in 1,2-DCE (0.5 mL): isolated
yields. ¥ Li,CO; (15 mol %) and AcOH (15 mol %). ¢ No additives at
80 °C. 4 NaOAc (30 mol %) at 80 °C.

reasonable yield (3u). A gram scale reaction proceeded
smoothly without difficulty (3a).

Next, we turned our attention to the scope of phosphoryl
azides. The optimized amidation conditions were readily
applied to various phosphoryl azides as the coupling partner
in the reaction with la (Scheme 3). A group of phosphoryl

Scheme 3. Substrate Scope of Phosphoryl Azides”
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“1a (0.20 mmol) and phosphoryl azides (0.24 mmol) in 0.5 mL of 1,2-
DCE: isolated yields.

azides with alkyl, aryl, and binaphthyl substituents were reacted
in good to excellent yields (4a—h). Alteration of the structural
or electronic nature of the aryl groups did not significantly
affect the amidation efficiency (4b—e).

We successfully expanded our protocol to the synthesis of
phosphoramidates having biologically relevant components
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(Scheme 4). Phosphoryl azides derived from naturally
occurring (—)-menthol and dihydrocholesterol were prepared

Scheme 4. Synthesis of Biologically Relevant

Phosphoramidates®
[IrCp*Clzlz (5 mol %) H
it o ANTG @Omol %) O LB‘;PH
; i NaOAc (30 mol %) N §
) PhO 1.2.0CE &
18 3 60°C, 24 h p
F
" ~
WO
a4, (5a)° 59% (5b)°

“1a (0.20 mmol) and phosphoryl azides (0.24 mmol) in 0.5 mL of 1,2-
DCE: isolated yields.

and subjected to the amidation conditions in the reaction with
benzamide (1a) to afford the corresponding phosphoramidates.
Given that phosphorylated compounds have been studied
extensively in biology and medicine,”* our method would
provide a tool for divergent phosphoramidate studies.

To investigate the mechanistic aspect of the present C—H
amidation protocol, we conducted a kinetic isotope effect
(KIE) experiment with a deuterium-labeled substrate, la-ds. A
notable primary kinetic isotope effect (ky/kp = 2.7) was
observed, suggesting that C—H bond activation is likely the
rate-determining step (see the Supporting Information for
details).>® A possible phosphoramidation pathway based on this
study as well as our previous investigations'”® is depicted in
Scheme S. First, an Ir species induces C—H cleavage leading to

Scheme S. Plausible Phosphoramidation Pathway

L o ﬁii@i’%

[CRUIr(IIN]INTE]2

N OoR! | 8
11
° | NyR-OR?
i DG OR!'
N H
A
DG E'TDG NTfy"
E . flll.lll-— Nitrenoid Transfer i :ir'-'.L
o N, é
0=P-oR? 4 PN
OrR' NTf Ny R'O"L 2 S

the formation of 5- or 6-membered iridacyclic intermediate I.
The coordination of a phosphoryl azide is believed to form an
azide-adduct IL Insertion of the bound azide into the Ir—C
bond with concomitant release of N, would afford amido
iridium complex III In this amido group transfer process, either
a stepwise nitrenoid pathway or concerted migratory insertion
pathway would be possible.”* Finally, complex III will be proto-
demetalated to deliver the desired phosphoramidated product
(B).

In conclusion, an efficient C—H amidation protocol for the
synthesis of phosphoramidates has been developed. A facile
formation of C—N bonds via Ir-catalyzed direct C—H
amidation was implemented under mild reaction conditions.
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A broad substrate scope and excellent functional group
tolerance allow various kinds of phosphoramidates to be
accessed, which can find applications in medicinal and synthetic
chemistry.

B ASSOCIATED CONTENT
© Supporting Information

Experimental procedure and characterization of new com-
pounds ('H, *C NMR spectra). This material is available free
of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: jeunggonkim@kaist.ackr (J.GK.).
*E-mail: sbchang@kaist.ackr (S.C.).
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by the Institute for Basic Science
(IBS) in Korea. We thank Mr. Kyung Tae Park (KAIST) for his
help in benzamide synthesis and compound analysis and Dr.
Taek Kang (KAIST) for the valuable discussion.

B REFERENCES

(1) (a) Phillips, D. R;; Uramoto, M.; Isono, K; McCloskey, J. A. J.
Org. Chem. 1993, 58, 854. (b) Wittine, K.; Benci, K; Raji¢, Z.; Zorc,
B.; Kralj, M.; Marjanovi¢, M.; Paveli¢, K;; De Clercq, E.; Andrei, G;
Snoeck, R.; Balzarini, J.; Mintas, M. Eur. J. Med. Chem. 2009, 44, 143.
(c) Serpi, M,; Bibbo, R;; Rat, S.; Roberts, H.; Hughes, C.; Caterson, B.;
Alcaraz, M. J,; Gibert, A. T.; Verson, C. R. A;; McGuigan, C. J. Med.
Chem. 2012, 55, 4629. (d) Roush, R. F.; Nolan, E. M,; Lohr, F.; Walsh,
C. T. J. Am. Chem. Soc. 2008, 130, 3603. (e) Roberts, W. P.; Tate, M.
E.; Kerr, A. Nature 1977, 265, 379.

(2) (a) Garcia, P.; Lay, Y. Y.; Perry, M. R;; Schafer, L. L. Angew,
Chem.,, Int. Ed. 2013, 52, 9144. (b) Liu, W.-B; Zheng, C.; Zhuo, C.-X;
Dai, L.-X;; You, S.-L. J. Am. Chem. Soc. 2012, 134, 4812.

(3) (a) Nguyen, T.-M.; Chang, S.; Condon, B; Uchimiya, M;
Fortier, C. Polym. Adv. Technol. 2012, 23, 1555. (b) Nguyen, T.-M,;
Chang, S.; Condon, B.; Slopek, R.; Graves, E.; Yoshika-Tarver, M. Ind.
Eng. Chem. Res. 2013, 52, 4715.

(4) (a) Gao, X;; Tang, Z.; Lu, M,; Liu, H,; Jiang, Y.; Zhao, Y.; Cai, Z.
Chem. Commun. 2012, 48, 10198. (b) Chen, Y.; Zhang, J.; Chen, J;
Cao, X.-Y.; Wang, J.; Zhao, Y.-F. Rapid Commun. Mass Spectrom. 2004,
18, 469.

(5) Yadav, L. D. S.; Rai, A;; Rai, V. K; Awasthi, C. Tetrahedron Lett.
2008, 49, 687.

(6) (a) Yadav, L. D. S.; Awasthi, C.; Rai, V. K; Rai, A. Tetrahedron.
Lett. 2007, 48, 8037. (b) Yadav, L. D. S.; Srivastava, V. P; Patel, R.
Tetrahedron Lett. 2008, 49, 5652.

(7) (a) Zwierzak, A.; Brylikowska-Piotrowicz, ]. Angew. Chem., Int. Ed.
Engl. 1977, 16, 107. (b) Osowska-Pacewicka, K.; Zwierzak, A. Synthesis
1996, 333. (c) Osborn, H. M. L; Sweeney, ]J. B. Synlett 1994, 145.

(8) Ciufolini, M. A.; Spencer, G. O. J. Org. Chem. 1989, 54, 4739.

(9) Minami, T.; Ogata, M.; Hirao, I. Synthesis 1982, 231.

(10) (a) Atherton, F. R;; Openshaw, H. T.; Todd, A. R. J. Chem. Soc.
1945, 660. (b) Atherton, F. R;; Todd, A. R. J. Chem. Soc. 1947, 674.
(c) Mielniczak, G.; Bopusiski, A. Synth. Commun. 2003, 33, 3851.

(11) (a) Wilkening, L; Del Signore, G.; Hackenberger, C. P. R. Chem.
Commun. 2008, 2932. (b) Serwa, R.; Wilkening, L; Del Signore, G.;
Miihlberg, M.; Caluphnitzer, 1; Weise, C.; Gerrits, M.; Hackenberger,
C. P. R. Angew. Chem,, Int. Ed. 2009, 48, 8234. (c) Serwa, R;; Majkut,
P.; Horstmann, B.; Swiecicki, J.-M.; Gerrits, M.; Krause, E.;
Hackenberger, C. P. R. Chem. Sci. 2010, 1, 596.

dx.doi.org/10.1021/01502722j | Org. Lett. 2014, 16, 5466—5469



Organic Letters

(12) (a) Jin, X;; Yamaguchi, K;; Mizuno, N. Org. Lett. 2013, 1S, 418.
(b) Dhineshkumar, J.; Prabhu, K. R. Org. Lett. 2013, 1S, 6062.
(c) Fraser, J; Wilson, L. J; Blundell, R. K; Hayes, C. J. Chem.
Commun. 2013, 49, 8919.

(13) Haggam, R; Conrad, J.; Beifuss, U. Tetrahedron Lett. 2009, S0,
6627.

(14) (a) Adams, L. A;; Cox, R. J.; Gibson, J. S.; Mayo-Martin, M. B.;
Walter, W.; Whittingham, W. Chem. Commun. 2002, 2004. (b) Lu, H.;
Tao, J.; Jones, J. E.; Wojtas, L.; Zhang, X. P. Org. Lett. 2010, 12, 1248.
(c) Xiao, W.; Zhou, C.-Y.; Che, C.-M. Chem. Commun. 2012, 48, 5871.
(d) Xiao, W.; Wei, J.; Zhou, C.-Y.; Che, C.-M. Chem. Commun. 2013,
49, 4619.

(15) During the review process of this manuscript, the Ir-catalyzed
phosphoramidation of arene C—H bonds with phosphoryl azide was
reported: Pan, C,; Jin, N.; Zhang, H; Han, J.; Zhu, C. J. Org. Chem.
2014, 79, DOL:10.1021/j05018052.

(16) (a) Kim, S. H; Park, S. H; Choi, J. H.; Chang, S. Chem.—Asian
J. 2011, 6, 2618. (b) Kim, S. H,; Jung, D. Y.; Chang, S. J. Org. Chem.
2007, 72, 9769. (c) Yoo, E. J.; Ahlquist, M.; Bae, L; Sharpless, K. B;
Fokin, V. V.; Chang, S. J. Org. Chem. 2008, 73, 5520. (d) Shioiri, T.;
Kawai, N. J. Org. Chem. 1978, 43, 2936.

(17) Selected reviews on C—H activations: (a) Labinger, J. A;
Bercaw, J. E. Nature 2002, 417, 507. (b) Fagnou, K.; Lautens, M.
Chem. Rev. 2003, 103, 169. (c) Bergman, R. G. Nature 2007, 446, 391.
(d) Seregin, 1. V,; Gevorgyan, V. Chem. Soc. Rev. 2007, 36, 1173.
(e) Li, C.-J. Acc. Chem. Res. 2009, 42, 335. (f) Colby, D. A.; Bergman,
R. G;; Ellman, J. A. Chem. Rev. 2010, 110, 624. (g) Sun, C.-L; Li, B.-J,;
Shi, Z.-J. Chem. Commun. 2010, 46, 677. (h) Daugulis, O. Top. Curr.
Chem. 2010, 292, 57. (i) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011,
111, 121S. ()) McMurray, L.; O’Hara, F.; Gaunt, M. J. Chem. Soc. Rev.
2011, 40, 1885. (k) Cho, S. H; Kim, J. Y.; Kwak, J.; Chang, S. Chem.
Soc. Rev. 2011, 40, 5068. (1) White, M. C. Science 2012, 335, 807.
(m) Arockiam, P. B,; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012,
112, 5879. (n) Song, G.; Wang, F.; Li, X. Chem. Soc. Rev. 2012, 41,
3651. (o) Engle, K. M; Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem. Res.
2012, 45, 788. (p) Hartwig, J. F. Acc. Chem. Res. 2012, 45, 864.
(q) Neufeldt, S. R; Sanford, M. S. Acc. Chem. Res. 2012, 45, 936.
(r) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem,, Int. Ed.
2012, 51, 8960. (s) Kuhl, N.; Hopkinson, M. N.; Wencel-Delord, J.;
Glorius, F. Angew. Chem., Int. Ed. 2012, 51, 10236. (t) Rouquet, G.;
Chatani, N. Angew. Chem, Int. Ed. 2013, 52, 11726. (u) Pan, S.;
Shibata, T. ACS Catal. 2013, 3, 704. (v) Kuhl, N.; Schroder, N.;
Glorius, F. Adv. Synth. Catal. 2014, 356, 1443. (w) Davies, H. M. L,;
Morton, D. Chem. Soc. Rev. 2011, 40, 1857.

(18) Selected reviews on C—H aminations: (a) Collet, F.; Dodd, R.
H.; Dauban, P. Chem. Commun. 2009, 5061. (b) Collet, F.; Lescot, C.;
Dauban, P. Chem. Soc. Rev. 2011, 40, 1926. (c) Jeffrey, J. L.; Sarpong,
R. Chem. Sci. 2013, 4, 4092. (d) Ramirez, T. A.; Zhao, B.; Shi, Y. Chem.
Soc. Rev. 2012, 41, 931.

(19) () Kim, J. Y;; Park, S. H; Ryu, J.; Cho, S. H; Kim, S. H;
Chang, S. J. Am. Chem. Soc. 2012, 134, 9110. (b) Ryu, J,; Shin, K;
Park, S. H.; Kim, J. Y.; Chang, S. Angew. Chem., Int. Ed. 2012, 51, 9904.
(¢) Kim, J.; Kim, J.; Chang, S. Chem.—Eur. J. 2013, 19, 7328. (d) Ryu,
J.; Kwak, J; Shin, K; Lee, D.; Chang, S. J. Am. Chem. Soc. 2013, 135,
12861. (e) Shin, K; Baek, Y.; Chang, S. Angew. Chem., Int. Ed. 2013,
52, 8031. (f) Kim, J.; Chang, S. Angew. Chem,, Int. Ed. 2014, 53, 2203.
(g) Park, S. H.; Kwak, J; Shin, K;; Ry, J.; Park, Y.,; Chang, S. J. Am.
Chem. Soc. 2014, 136, 2492. (h) Hwang, H.; Kim, J.; Jeong, J.; Chang,
S. J. Am. Chem. Soc. 2014, 136, 10770. (i) Shin, K; Ryu, J.; Chang, S.
Org. Lett. 2014, 16, 2010. (j) Lee, D.; Kim, Y.; Chang, S. J. Org. Chem.
2013, 78, 11102. (k) Kang, T.; Kim, Y.; Lee, D.; Wang, Z.; Chang, S. J.
Am. Chem. Soc. 2014, 136, 4141. (1) Kang, T.; Kim, H; Kim, J. G;
Chang, S. Chem. Commun. 2014, 50, 12073.

(20) Ackermann, L. Chem. Rev. 2011, 111, 131S.

(21) Kim, H.; Shin, K; Chang, S. J. Am. Chem. Soc. 2014, 136, 5904

(22) (a) Cremlyn, R. J. W.; Dewhurst, B. B.; Wakeford, D. H.
Synthesis 1971, 648. (b) De Luca, L. M.; Frot-Coutaz, J. P.; Silverman-
Jones, C. S.; Roller, P. R. J. Biol. Chem. 1977, 252, 2575. (c) Chang, K.-
H,; Lee, L.; Chen, J.; Li, W.-S. Chem. Commun. 2006, 629. (d) Dosa, P.

5469

I; Ward, T, Castro, R. E,; Rodrigues, C. M. P,; Steer, C. J.
ChemMedChem 2013, 8, 1002. (e) Jacob, K; Vogt, W.; Fisher, L;
Knedel, M. Tetrahedron Lett. 1975, 16, 1927. (f) Kamano, Y.; Satoh,
N.; Nakayoshi, H.; Pettit, G. R.; Smith, C. R. Chem. Pharm. Bull. 1988,
36, 326. (g) Daynes, R. A; Araneo, B. A. Vaccine Compositions and
Method for Enhancing an Immune Response. U.S. Patent 5,837,269,
Nov. 17, 1998.

(23) Simmons, E. M.; Hartwig, J. E. Angew. Chem., Int. Ed. 2012, 51,
3066.

(24) (a) Turlington, C. R.;; White, P. S.; Brookhart, M.; Templeton, J.
L. J. Am. Chem. Soc. 2014, 136, 3981. (b) Sau, Y.-K,; Yi, X.-Y.; Chan,
K-W,; Lai, C.-S,; Williams, I. D.; Leung, W.-H. J. Organomet. Chem.
2010, 695, 1399. (c) Ke, Z.; Cundari, T. R. Organometallics 2010, 29,
821. (d) Dick, A. R; Remy, M. S,; Kampf, J. W.; Sanford, M. S.
Organometallics 2007, 26, 1365.

dx.doi.org/10.1021/01502722j | Org. Lett. 2014, 16, 5466—5469



