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ABSTRACT: The 2,2,6,6-tetramethylpiperidin-1-yloxycar-
bonyl (Tempoc) protecting group is readily introduced by
the reaction of amines with a new acyl transfer reagent, 4-
nitrophenyl (2,2,6,6-tetramethylpiperidin-1-yl) carbonate
(NPTC). Tempoc has a reactivity profile that complements
the commonly used t-butyloxycarbonyl (Boc) and benzylox-
ycarbonyl (Cbz) protecting groups. Deprotection can be
achieved under mild reductive conditions with in situ
generated Cu(I) species or by thermolytic cleavage at 135 °C. Mechanistic studies on the deprotection of Tempoc-indole
suggest a combination of ionic and radical fragmentation pathways under thermal conditions.

Synthetic efficiency in routes toward complex target
molecules, including natural products, strives to minimize

the use of protecting groups; however, basic amines are
frequently incompatible with transition metal catalysis and
oxidative conditions and often require protection during these
transformations.1−3 Furthermore, protecting groups continue
to play a critical role in peptide synthesis4 and carbohydrate
chemistry.5 Therefore, the development of new protecting
groups remains an important goal in organic and biological
chemistry. Orthogonal protecting groups that allow for
selective manipulations in molecules with multiple function-
alities are particularly useful in this context.6−9 Amines are
among the most common functionalities found in both
pharmaceuticals and natural products.10,11 While trifluoroace-
tyl,12 tosyl,13 nosyl,14,15 phthaloyl,16 and trityl17 are frequently
used for amine protection, carbamates with t-butoxycarbonyl
(Boc),18 benzyloxycarbonyl (Cbz),18 9-fluorenylmethoxycar-
bonyl (Fmoc),19 and allyloxycarbonyl (Aloc or Alloc)20

substituents are among the most common and versatile
amine protecting groups used across all branches of chemistry.
Carbamates offer robustness, ease of introduction and removal,
and opportunities for orthogonal deprotections, and new
variants are continually being developed.21,22 Typical depro-
tection conditions involve acidic (Boc), basic (Fmoc),
hydrogenolytic (Cbz), and transition metal catalyzed (Alloc)
conditions. However, often reagents such as TFA,23 HCl,24

H2/Pd,
25 Et3SiH/Pd,

26 and Mg/MeOH27 can promote side
reactions such as over-reductions,28 rearrangements,29 and
epimerizations.30

In our recent total synthesis of (−)-cycloclavine,31 a base
stable amine-protecting group was required that should be
resistant to a tin−lithium transmetalation−enone 1,2-addition
sequence and subsequently thermally cleavable during a Diels−
Alder reaction (Figure 1). The Boc group did not provide

satisfactory results, and after considerable optimization, we
identified the 2,2,6,6-tetramethylpiperidin-1-yloxycarbonyl
(“Tempoc”) group as a superior protective group for this
transformation.31 We are now presenting studies that illustrate
that Tempoc is of general utility for amine protection.
We first developed a suitable reagent for the introduction of

Tempoc on amines (Scheme 1). Reduction of the stable
nitroxide Tempo (1) with sodium ascorbate (SA)32 and O-
acylation of the intermediate hydroxylamine with p-nitro-
phenyl chloroformate provided the Tempoc transfer reagent 2
(“NPTC”). Under the optimized conditions, treatment of 2-
phenethylamine (3) with 1.2 equiv of NPTC in DMF at room
temperature in the presence of 3 equiv of triethylamine
provided the Tempoc-protected carbamate 4 in 94% yield.
Other suitable solvents and bases include THF, dichloro-
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Figure 1. Use of a Tempoc-protected lithium reagent for a selective
1,2-addition.31
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methane, methanol, pyridine, sodium bicarbonate, and
potassium carbonate, but in this particular case, these reagents
led to slightly reduced yields of 4 (Supporting Information
(SI), Table 1). Several alternatives to NPTC were also
identified (see Supporting Information (SI), reagents S1−S4),
but NPTC consistently provided the highest yields and was
also readily accessible at an ∼100 g scale. Differential scanning
calorimetry (DSC) of NPTC showed an exotherm of 70 cal/g
at an onset temperature of 135 °C, suggesting that, in spite of
the presence of a nitro group and a weak N−O bond, 4 is a
relatively stable compound.33,34 However, we have not yet
pursued shock sensitivity studies that would provide an
additional safety parameter.
Under the optimized conditions (i.e., amine (1 equiv),

NPTC (1.2 equiv), and triethylamine (3 equiv), in DMF (0.5
M, rt, 12 h)), primary amines were converted to the Tempoc
derivatives 5−16 in high yields, with the exception of the
sterically hindered t-butylamine 15 (Figure 2). Branching in
the α-position led to a slight decrease in yields for 6 and 11 to
72% and 75%, respectively, but the sterically less hindered
cyclohexylamine 13 was obtained in 87%.
Interestingly, anilines proved unreactive toward NPTC,

which was used as an advantage for diamine 12, where only
benzyl amine protection was observed in the presence of 1.2
equiv of NPTC. Similarly, no acylation of the indole nitrogen
was found for tryptamine 5 under these conditions. Attempted
preparation of naphthylamine 18 and protection of other
anilines also failed even under more forcing conditions and
with a larger excess of NPTC reagent. Preliminary evidence
suggests that it is necessary to deprotonate anilines in order to
achieve the level of nucleophilicity necessary for acylation with
the carbonate, and we are still exploring suitable bases for this
purpose. In agreement with this finding, we observed that
alcohol functions were well tolerated in the absence of strong
bases, even allowing the use of methanol as a solvent, and
exclusive selectivity for amine carbamoylation was achieved for
amino alcohols 6 and 16. With a 2:1 ratio of hydrazine vs
NPTC, the monoprotected hydrazide reagent 17 was isolated
in 95% yield. Furthermore, the use of 2.6 equiv of NaH as a
base in the presence of 2.4 equiv of NPTC induced double N-
acylation to give phenethylamine 19 in 90% yield.
The protection of secondary amines in 20−27 was also

generally accomplished in excellent yields (Figure 3). Both
linear and cyclic amines behaved uniformly well, with the
exception of dipropylamine derivative 25, which could only be

obtained in 56% yield. We repeated this reaction several times
but were unable to substantially increase the yield, possibly a
consequence of the subtle decrease in amine nucleophilicity
caused by the steric hindrance of the two flexible propyl chains.
Four equiv of triethylamine were used for the Tempoc

protection of proline methyl ester, providing 24 in 87% yield.
Alcohol groups were still tolerated in the presence of
secondary amines, as shown for 27. Imidazole was also
converted under standard conditions to the Tempoc derivative
29, whereas the use of 1.3 and 1.1 equiv of NaH, respectively,
allowed for the protection of indole and sulfoximine35

nitrogens in 28 and 30. The use of 1.3 equiv of NaH as a
base also allowed for a selective protection of the indole
nitrogen in tryptamine to give 31 in 71% yield (Figure 3).
In the synthesis of (−)-cycloclavine, we had employed a

thermolysis in toluene at 135 °C for 68 h for Tempoc
removal.31 Our current investigations revealed considerable

Scheme 1. Preparation of p-Nitrophenol Tempo Carbonate
(NPTC) and Protection of 2-Phenethylamine

Figure 2. Products of Tempoc protection of primary amines (isolated
yields).

Figure 3. Products of Tempoc protection of secondary amines
(isolated yields).
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differences in thermal stabilities depending on the nature of the
protected amine. Microwave heating of a 0.1 M solution of
Tempoc-piperidine 22 in chlorobenzene or pyridine at 165−
175 °C for 1 h only led to trace product (Table 1, entries 1 and
2). In contrast, Tempoc was cleanly removed in propionitrile
in 48% yield after 2 h at 165 °C (Table 1, entry 3). In the more

polar, protic solvent trifluoroethanol (TFE), deprotection was
more facile, yielding 30% of 4-phenylpiperidine after 6 h at 135
°C (entry 4). Hexafluoroisopropanol (HFIP), which has
previously been used to cleave carbamates,36,37 further
accelerated Tempoc removal and provided 4-phenylpiperidine
in 73 and 85% yields after 6 and 8 h, respectively (entries 5 and
6).
Optimized thermolytic conditions were applied to indole 28

and primary amine 8 (Scheme 2). While the indole was

deprotected in 88% yield after 30 min in HFIP at 135 °C,
thermolysis of 8 under analogous conditions generated the
symmetrical urea 33. In the presence of 3 equiv of potassium
trimethylsilanolate (KOTMS) in dioxane at 135 °C,38

however, the desired primary amine 34 was formed in 30
min and 93% yield.
Since the literature information on the thermal breakdown

of O-acyl hydroxylamines is sparse,39 we searched for
intermediates formed in the thermolysis of Tempoc-indole

28 (Scheme 3). We hypothesized that a heterolytic cleavage of
the N−O bond would initially produce carbamic acid anion 35

and iminium ion 36,39 which, after proton exchange and
decarboxylation, would form indole 32 and pyrrolidine
enamine 37. Alternatively, a homolytic N−O bond breakage
would generate radical pair 40 and 41, which would likely
produce indole 28 and piperidine 42 after hydrogen atom
abstractions from solvent. Experimentally, when heated at 150
°C in toluene-d8, 28 was found to generate a 3.6:1 ratio of
pyrrolidine 39 and piperidine 42, in addition to indole 32. This
ratio did not substantially change in the presence of 4 equiv of
H2O, but when the reaction was performed under nitrogen, a
2.3:1:1 ratio of 39, 37, and 42 was observed. Furthermore,
when the temperature was lowered to 135−140 °C, the ratio of
39 to 42 also decreased to 1.8:1. These NMR analyses
suggested that the ionic rearrangement pathway shown in
Scheme 3 was the major source of the desired deprotected
compound but that the homolytic N−O bond cleavage also
participated in the cleavage of the Tempoc group, in particular
under low-temperature conditions. Yet another possibility is a
radical [1,2]-shift of 41 leading to 36 after electron transfer.
N−O bonds are known to undergo facile copper(I)-

catalyzed reduction in the presence of stoichiometric
reductants,40−42 and therefore we also explored a redox
cleavage of the Tempoc group. In the presence of 2.2 equiv
of Cu(I)Cl, a 0.1 M solution of Tempoc-indole 28 in
acetonitrile at room temperature was readily converted to
indole 32 in 83% yield (Table 2, entry 1). Interestingly, under
the same conditions, Cu(I)-iodide did not generate product
(entry 2), and 1.1 equiv of Cu(II)Cl2 only gave 2% of 32
(entry 3). Reducing the amount of Cu(II) salt to 0.2 equiv, but
performing the reaction in the presence of the stoichiometric
reductant sodium ascorbate (SA) or ascorbic acid (Asc) and
water as a cosolvent, increased the yield to a still modest 29%
after 24 h reaction time (entries 4 and 5). A significant increase
in yield to 63% was observed when acetonitrile was changed to
MeOH (entry 6), and a 5:1 mixture of DMF and water
produced 84% of 32 (entry 7). This conversion was
independent of the Cu(II) salt used and was repeated with
CuSO4·5H2O (entry 8), as well as Cu(OAc)2, Cu(ClO4)2, and
Cu(OTf)2 (not shown). Furthermore, Tempoc-protected
piperidine 22 and indole 28 were also deprotected in >90%

Table 1. Thermolytic Deprotection of Secondary Amine 22

entry solvent temp (°C) time (h) yield (%)

1 PhCl 165 1 trace
2 pyridine 175 1 trace
3 EtCN 165 2 48
4 TFE 135 6 30
5 HFIP 135 6 73
6 HFIP 135 8 85

Scheme 2. Thermolytic Tempoc Deprotection of Indole and
Primary Amine

Scheme 3. Proposed Ionic and Radical Pathways for
Tempoc Deprotection under Thermal Conditions
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isolated yield under these conditions. Cyclohexyl amine 13
required mild heating at 40 °C for deprotection in 91% yield.
When Cu(II) loading was reduced from 0.20 to 0.05 equiv,

the conversion of 28 to 32 slowed down considerably, and only
67% product was isolated after 24 h in aqueous DMF (Table 2,
entry 9). Switching the solvent to a ternary 4:1:1 mixture of
MeCN, THF, and H2O increased the yield back to 83% (entry
10). At 0.10 equiv of Cu(II) loading, an equivalent yield was
obtained after only 12 h reaction time (entry 11) that could be
further increased to 91% in the presence of 3 equiv of Asc. It is
likely that the cosolvent acetonitrile inhibits the disproportio-
nation of Cu(I) to Cu(II) and Cu(0)43 and thus facilitates the
reduction of the N−O bond and slows the precipitation and
loss of the catalytic metal at low copper loadings.
Finally, we were able to demonstrate that a Tempoc group

has orthogonal deprotection properties compared to two of the
most popular carbamates, the Boc and Cbz groups (Scheme
4). Bis-protected piperazines 26 and 45 were readily converted

to the Boc-amine 43 and the Cbz-amine 46, respectively, under
the Cu(I)-catalyzed Tempoc removal conditions. Alternatively,
the Tempoc TFA salt 44 was obtained in 94% yield by
removing the Boc group from 26 with TFA in dichloro-
methane (1:5), and its corresponding free base 47 was
generated by hydrogenolysis of 45 in the presence of 0.5 equiv
of methanolic ammonia.

In conclusion, our studies demonstrate that the 2,2,6,6-
tetramethylpiperidin-1-yloxycarbonyl (Tempoc) group is an
effective new protecting group for primary, secondary, and
heterocyclic amines, with excellent orthogonality to Boc- and
Cbz-carbamates, including resistance to acidic and hydro-
genolytic conditions. Treatment with the crystalline p-nitro-
phenol Tempo carbonate (NPTC) reagent is a convenient way
to introduce Tempoc in high yield and generally excellent
chemoselectivity. For deprotections, two main reaction
conditions are feasible: thermolysis occurs in HFIP at 135
°C, or alternatively, catalytic Cu(I) conditions release the
amine at room temperature in an organic/aqueous solvent
mixture. Previously, we have already demonstrated that a
Tempoc-protected indole is resistant to strongly basic and
nucleophilic reaction conditions.31 Accordingly, we suggest
that the Tempoc amine protective group is likely to be of
significant utility in the synthesis of functionalized natural and
unnatural target molecules and organic building blocks.
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(6) Ágoston, K.; Streicher, H.; Fügedi, P. Tetrahedron: Asymmetry
2016, 27, 707.
(7) Isidro-Llobet, A.; Alvarez, M.; Albericio, F. Chem. Rev. 2009,
109, 2455.

Table 2. Copper-Catalyzed Conversion of Tempoc-indole
28 to Indole 32

entry CuX (equiv)
reductant
(equiv) solvent

yield
(%)a

1 CuCl (2.2) − MeCN 83
2 CuI (2.2) − MeCN trace
3 CuCl2 (1.1) − MeCN 2
4 CuCl2 (0.20) SA (1.1) MeCN/H2O (2:1) 29
5 CuCl2 (0.20) Asc (5) MeCN/H2O (2:1) 29
6 CuCl2 (0.20) Asc (5) MeOH/H2O (5:1) 63
7 CuCl2 (0.20) Asc (5) DMF/H2O (5:1) 84, 82b

8 CuSO4
(0.20)

Asc (5) DMF/H2O (5:1) 84

9 CuCl2 (0.05) Asc (2) DMF/H2O (5:1) 67c

10 CuCl2 (0.05) Asc (2) MeCN/THF/H2O
(4:1:1)

83c

11 CuCl2 (0.10) Asc (2) MeCN/THF/H2O
(4:1:1)

84b

aHPLC yield. bIsolated yield after 12 h. cIsolated yield after 24 h.

Scheme 4. Orthogonal Deprotections of Tempoc-, Boc-, and
Cbz-Amines

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b02874
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b02874
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.8b02874
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.8b02874/suppl_file/ol8b02874_si_001.pdf
mailto:pwipf@pitt.edu
http://orcid.org/0000-0001-9773-4796
http://orcid.org/0000-0001-7693-5863
http://dx.doi.org/10.1021/acs.orglett.8b02874


(8) Schelhaas, M.; Waldmann, H. Angew. Chem., Int. Ed. Engl. 1996,
35, 2056.
(9) Jarowicki, K.; Kocienski, P. J. Chem. Soc., Perkin Trans. 2001, 1,
2109.
(10) Kroutil, W.; Fischereder, E. M.; Fuchs, C. S.; Lechner, H.;
Mutti, F. G.; Pressnitz, D.; Rajagopalan, A.; Sattler, J. H.; Simon, R.
C.; Siirola, E. Org. Process Res. Dev. 2013, 17, 751.
(11) Chen, Y.; Garcia de Lomana, M.; Friedrich, N.-O.; Kirchmair, J.
J. Chem. Inf. Model. 2018, 58, 1518.
(12) Goulaouic-Dubois, C.; Guggisberg, A.; Hesse, M. Tetrahedron
1995, 51, 12573.
(13) Walczak, M. A. A.; Wipf, P. J. Am. Chem. Soc. 2008, 130, 6924.
(14) Kan, T.; Fukuyama, T. Chem. Commun. 2004, 353, 353.
(15) Wipf, P.; Henninger, T. J. Org. Chem. 1997, 62, 1586.
(16) Easton, C. J.; Hutton, C. A. Synlett 1998, 1998, 457.
(17) Sim, T. B.; Rapoport, H. J. J. Org. Chem. 1999, 64, 2532.
(18) Wipf, P. Chem. Rev. 1995, 95, 2115.
(19) Carpino, L. A. Acc. Chem. Res. 1987, 20, 401.
(20) Lemaire-Audoire, S.; Savignac, M.; Blart, E.; Bernard, J.-M.;
Genet, J.-P. Tetrahedron Lett. 1997, 38, 2955.
(21) Wuts, P. G. M. The Role of Protective Groups in Organic
Synthesis. In Greene’s Protective Groups in Organic Synthesis, 5th ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, 2014.
(22) Kocienski, P. J. Protecting Groups, 3rd ed.; Thieme: Stuttgart,
1994.
(23) Lee, Y.; Silverman, R. B. J. Am. Chem. Soc. 1999, 121, 8407.
(24) Cavelier, F.; Enjalbal, C. Tetrahedron Lett. 1996, 37, 5131.
(25) Vanier, G. S. Synlett 2007, 2007, 131.
(26) Mandal, P. K.; McMurray, J. S. J. Org. Chem. 2007, 72, 6599.
(27) Yokoyama, Y.; Matsumoto, T.; Murakami, Y. J. Org. Chem.
1995, 60, 1486.
(28) Watkins, B. E.; Kiely, J. S.; Rapoport, H. J. Am. Chem. Soc.
1982, 104, 5702.
(29) Yokosaka, T.; Nemoto, T.; Hamada, Y. Chem. Commun. 2012,
48, 5431.
(30) Brieke, C.; Cryle, M. J. Org. Lett. 2014, 16, 2454.
(31) McCabe, S. R.; Wipf, P. Angew. Chem., Int. Ed. 2017, 56, 324.
(32) Frantz, M.-C.; Pierce, J. G.; Pierce, J. M.; Kangying, L.;
Qingwei, W.; Johnson, M.; Wipf, P. Org. Lett. 2011, 13, 2318.
(33) Gordon, P. L.; O’Dell, C.; Watkin, J. G. J. Hazard. Mater. 1994,
39, 87.
(34) Bollinger, F. W.; Tuma, L. D. Synlett 1996, 1996, 407.
(35) Bizet, V.; Hendriks, C. M. M.; Bolm, C. Chem. Soc. Rev. 2015,
44, 3378.
(36) Choy, J.; Jaime-Figueroa, S.; Jiang, L.; Wagner, P. Synth.
Commun. 2008, 38, 3840.
(37) Palladino, P.; Stetsenko, D. A. Org. Lett. 2012, 14, 6346.
(38) Ma, B.; Lee, W.-C. Tetrahedron Lett. 2010, 51, 385.
(39) Henry-Riyad, H.; Tidwell, T. T. ARKIVOC 2008, No. 10, 113.
(40) Too, P. C.; Chua, S. H.; Wong, S. H.; Chiba, S. J. Org. Chem.
2011, 76, 6159.
(41) Liu, S.; Yu, Y.; Liebeskind, L. S. Org. Lett. 2007, 9, 1947.
(42) Wei, Y.; Yoshikai, N. J. Am. Chem. Soc. 2013, 135, 3756.
(43) Kamau, P.; Jordan, R. B. Inorg. Chem. 2001, 40, 3879.

Organic Letters Letter

DOI: 10.1021/acs.orglett.8b02874
Org. Lett. XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.orglett.8b02874

