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Abstract: A combined experimental and computational mechanistic study of amide formation from thio
acids and azides is described. The data support two distinct mechanistic pathways dependent on the
electronic character of the azide component. Relatively electron-rich azides undergo bimolecular coupling
with thiocarboxylates via an anion-accelerated [3+2] cycloaddition to give a thiatriazoline. Highly electron-
poor azides couple via bimolecular union of the terminal nitrogen of the azide with sulfur of the thiocarboxylate
to give a linear adduct. Cyclization of this intermediate gives a thiatriazoline. Decomposition to amide is
found to proceed via retro-[3+2] cycloaddition of the neutral thiatriazoline intermediates. Computational
analysis (DFT, 6-31+G(d)) identified pathways by which both classes of azide undergo [3+2] cycloaddition
with thio acid to give thiatriazoline intermediates, although these paths are higher in energy than the
thiocarboxylate amidations. These studies also establish that the reaction profile of electron-poor azides is
attributable to a prior capture mechanism followed by intramolecular acylation.

Introduction capture may be significantly faster than conventional amidation.
Native peptide ligatio®, a powerful amidation reaction, is
chemoselective, can be performed on unprotected peptide
segments and is effective in water. This and related methods
rely on amino acid side-chain functionality to facilitate the prior-
capture stef. Recent reports suggest that methods for the
chemical synthesis of fully elaborated post-translationally modi-
fied protein targets may soon be within redéhAmong the

It is of considerable interest to develop new amidation
reactions that can accommodate a broader range of substrates
than conventional amidation and that are compatible with a
wider range of reaction conditions, including in vitro and in
vivo studiesl? Systematic mechanistic and methodological
investigations have shown that chemoselectivity, solvent com-
patibility, and rate of intermolecular coupling limit conventional
intermolecular amidation. One alternative, and the basis for most (5) c-terminal thio ester peptide segments couple witterminal cysteine

new methods. is to apply a nonacylation reaction to bring the peptide segments to form an amide. Thus, trans-thioesterification is a
. ! . . L. suitably fast prior-capture reaction. Intramolecutarto N-acyl transfer
amine, or amine equivalent, and the acyl group into proxirhity. via a five-membered transition state constitutes a geometry that is not overly

i i i congested. Consequently, the chemical synthesis of proteins and protein-
To b(? broadly effective, the nonacylatlr_lg reaction mus_t be like compounds of approximately one hundred residues is feasible, see:
chemically orthogonal to the functionality of the coupling (a) Dawson, P. E.; Muir, T. W.; Clark-Lewis, |.; Kent, S. Sciencel 994
partners and the solvent. This prior-capture strategy has the 288776 (b) Mulr, T.. Dawson, P. E.; Kent, S. B. Methods Enzymol.

. o . 8 . 1997 289, 266. See also, ref 2c. Compare with: (c) Gutte, B.; Merrifield,
potential to facilitate amide bond formation by rendering the lF:e. BI-iJiI Arrll. C\IAr;erp_i., 80ﬁ969 91,R30}A- (d)cljrfnkevéalgs;é I;- 9Ci.;gloezbe(r,)D.

. . . . . . .; Holly, F. W.; Hirschmann, . Am. em. Sol , . (e
gmldatlon reaction mtramolgcular. If the prior-capture reaction Yajima, H.; Fujil, N.J. Chem. Soc.. Chem. CommassQ 3, 115.
is faster than conventional intermolecular amidation and leads (6) gcl)tgangtl\zlgs;bci aysts,me '?Cﬁdeé (ff:;_) OJffeﬁ JB Dawsor; 'EOEJ- hett}-

. , 23. acking, T. M.; Griffin, J. H.; Dawson, P. Broc. Natl.
to a favorable geometry for a subsequent intramolecular  acad. Sci. USA999 96, 10068. (c) Canne, L. E.; Bark, S. J.; Kent, S. B.
amidation* then the overall rate of amide formation by prior- H.J. Am. Chem. So¢996 118 5891. Alternatives to native amide linkages
have been explored and reviewed, see ref 2d and (d) Liu, C.-F.; Tam, J. P.

Proc. Natl. Acad. Sci. U.S.A994 91, 6584. See also: (e) Tolbert, T. J,;

(1) Wieland, T., Bodanszky, MWorld of Peptides: A Brief History of Peptide Wong, C. H.J. Am. Chem. So200Q 122, 5421. (f) Hohsaka, T.; Ashizuka,
Chemistry Springer-Verlag: New York, 1991. Y.; Sasaki, H.; Murakami, H.; Sisido, Ml. Am. Chem. Sod.999 121,
(2) (a) Prescher, J. A,; Bertozzi, C. Rat. Chem. Biol2005 1, 13. (b) Saxon, 12194. (g) Cornish, V. W.; Mendel, D.; Schultz, P. @&gew. Chem., Int.
E.; Bertozzi, C. RScience200Q 287, 2007. (c) Kochendeoerfer, G. G.; Ed. Eng 1995 34, 621. See also: (h) Leleu, S.; Penhoat, M.; Bouet, A.;
Kent, S. B. H.Curr. Opin. Chem. Biol1999 3, 665. (d) Tam, J. P.; Yu, Dupas, G.; PapamicheC.; Marsais, F.; and Levacher, l. Am. Chem.
Q.; Miao, Z.Biopolymersl999 51, 311. (e) Humphrey, J. M.; Chamberlin. Soc.2005 127, 15668.
R.Chem. Re. 1997 97, 2243. (f) Kohn, M.; Breinbauer, ®Angew. Chem., (7) (a) Nilsson, B. L.; Hondal, R. J.; Soellner, M. B.; Raines, R.JI.Am.
Int. Ed. 2004 43, 3106. (g) See also: Brase, S.; Gil, C.; Knepper, K.; Chem. Soc2003 125 5268. (b) Galonic, D. P.; Van der Donk, W. A.;
Zimmermann, V.Angew. Chem., Int. EQ005 44, 5188. Gin, D. Y.J. Am. Chem. So2004 126, 12712. (c) Miller, S. J.; Dudkin,
(3) Prior Capture: (a) Wieland, T.; Bokelmann, E.; Bauer, L.; Lang, H.; Lau, V.Y.;Lyon, G. J.; Muir, T. W.; Danishefsky, S. Angew. Chem., Int. Ed.
H.; Schafer, WLiebigs Ann1953 583 129. (b) Brenner, M.; Zimmerman, Engl. 2003 42, 431.
J. P.; Wehrriller, J.; Quitt, P., Hardtmann, A.; Snieider, W.; Beglinger, (8) (a) Nilsson, B. L.; Kiessling, L. L.; Raines, R. Drg. Lett 200Q 2, 1939.
U. Helv. Chim. Actal957 40, 1497. (c) Kemp, D. SBiopolymers1981, (b) Nilsson, B. L.; Kiessling, L. L.; Raines, R. Qrg. Lett 2001, 3, 9. (c)
20, 1793. Saxon, E.; Armstrong, J. I.; Bertozzi, C. Rrg, Lett.200Q 2, 2141. (d)
(4) Avoidance of steric congestion in the transition state has been shown to be Merkx, R.; Rijkers, D. T. S.; Kemmink, J.; Liskamp, R. M. Jetrahedron
critically important for prior-capture strategies, see (a) Kemp, D. S.; Carey, Lett. 2003 44, 4515. (e) David, O.; Meester W. J. N.; Bieraugel, H.;
R. I. J. Org. Chem.1993 58, 2216, reviewed in: (b) Coltart, D. M. Schoemaker, H. E.; Hiemstra, H.; van Maarseveen, Andglew. Chem.,
Tetrahedron200Q 56, 3449. Int. Ed. Engl.2003 42, 4373.
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most impressive displays of the advances in this area, the Scheme 1. Proposed Mechanistic Framework for Thio Acid/Azide

Staudinger ligation has been combined with metabolic engineer-Amdation

ing to effect post-translational-like modification of a cell-surface Path 1: o [ o

protein in an animal modélThese advances constitute mile- Mo, D Orstept| g hsy

stone achievements and are suggestive of the benefits that would R 8O+ NS — @',ﬂ‘

accrue if additional methodologies were available. Ideal methods 1a 2 - Fe

would impose minimal structural requirements upon the cou- ®l step I

pling partners, and the full range of amide target systems, H

peptide, non-peptide, and hybrids, would be accessible using Path 2: r S—N

reactions that are rapid, selective and produce innocuous j\ _® O R, H? “°>Q N Step Il j\

byproductst RO T ! s RO
Our research toward the development of new reactions that 1b 2 ) 4 ’ 5

enable the synthesis of complex amides led us to reevaluateranging from sensitive alkyl amides to safety-catch linkers and
the acetylation of alkyl azides with thioacetic acid. This reaction fluorescently labeled amino acid derivativéThe reaction also
was first noted in the literature in 1988.Subsequently,  represents a traceless ligation method, since as with conventional
thioacetic acid was shown to be generally useful for the amidation, the substrate requirements are minimal, the reaction
conversion of organic azides to the corresponding acetamidecan be fast, and only the native amide function remains after
products when applied as solvent or cosolVéfitwas proposed  couplingl” Hence the thio acid/azide amidation appears to be
that adventitious hydrogen sulfide reduces the azide to the a potentially useful synthetic method.
corresponding amine, which undergoes rapid acetylation with  The transformation, however, was not well understood on a
thioacetic acid to regenerate hydrogen sulfide and to allow the mechanistic level. We set out to gain mechanistic insight into
cycle to be repeated. Hence, thioacetic acid-induced formationthe coupling of thio acids with electron-poor and electron-rich
of amides from azides was postulated to be a very rapid, but azides in order to better understand the reaction, further improve
otherwise conventional, nucleophilic acyl substitution reaction. the methodology, and facilitate the discovery of mechanistically
A few observations inconsistent with this mechanism have beenrelated transformations. Two frameworks consistent with the
noted!® but perhaps since the reaction appeared to be aavailable data are outlined below in Scheme 1, and were
conventional amidation, no mechanistic studies had beenadvanced as models of the reaction mechanism. The proposals,
disclosed. Path 1 and Path 2 have in common the involvement of a
We, however, demonstrated that the reaction of thio acids thiatriazoline 4) as opposed to an amine intermediate. They
and azides must proceed through a mechanism different thandiffer in the exact timing of the bond formation procé%gvhile
that originally suggestetf. Azide substrates patrticipate in the Path 2forms a thiatriazoline in a single {&] cycloaddition
reaction, whereas the corresponding amines fail to couple: hencestep, the first step dPath lis intermolecular coupling between
amines are not intermediates. Interestingly, the reaction is the sulfur of the thio acid and the terminal nitrogen of the azide
accelerated by the presence of base. Unlike other amidationsand is reminiscent of a prior-capture reaction. The second step
the thio acid/azide coupling can be used to readily fashion of Path lis analogous to th& to N-acyl transfet of the most
amides from electron-deficient azides and hence from nonnu- powerful protein ligation strategies advanced to date and
cleophilic amine equivalent$.Indeed, a variety of thio acids, proceeds via a five-membered transition state. Thiatriazdline
including N-protectedo-amino thio acids, chemoselectively is proposed as the key intermediate for both paths, which could
couple with organic azides bearing electron-withdrawing or decompose either stepwise or in a single retroBreaction
electron-donating functionality. For exampls;acyl sulfona- to give the amide and the observed nitrogen and sulfur products.
mides,N-aryl amides, enamides, unprotected hydroxy amides, Protonation in this base-promoted reaction may occur either
and B-N-amidoglycosides are readily prepared in solvents before or after thiatriazoline conversion to amide and is
ranging from chloroform to water and give rise to amides represented as occurring prior to amide formation. Herein, we
disclose experimental and computational data consistent with

(9) Prescher, J. A.; Dube, D. H.; Bertozzi, C. Rature 2004 430, 873. Path 1for electron-deficient azides arfdath 2 for electron-
(10) For example, Click Reactions: (a) Lewis, W. G.; Green, L. G.; Grynszpan, . .
F.; Radic, Z.; Carlier, P. R.; Taylor, P.; Finn, M. G.; Sharpless, KABgew. rich azides.

Chem., Int. Ed2002 41, 1053. (b) Demko, Z. P.; Sharpless, K.&ngew. R |
Chem., Int. Ed2002 41, 2110. (c) Kolb, H. C.; Finn, M. G.; Sharpless, esults

K. B. Angew. Chem., Int. EQ001, 40, 2004. . . . . . :
(11) Hakimelahi, G. H.; Just, Gletrahedron Leti198Q 21, 2119. Kinetic studies on both classes of a2|dg are summarlzgd in
(12) (a) Rosen, T.; Lico, I. M.; Chu, T. WL. Org. Chem1988 53, 1580. (b) Table 1. We consider benzene sulfonyl azide representative of

Rakotomanomana, N.; Pavia, J.-M. L. A. Barbohydr. Res199Q 197,

318. (16) (a) Wu, X.; Hu, L.Tetrahedron Lett2005 46, 8401. (b) Knapp, S.; Darout,
(13) (a) Paulsen, H.; Bielfeldt, T.; Peters, S.; BockLiebigs Ann. Chenl994 E. Org. Lett.2005 7, 203. (c) Fazio, F.; Wong, C.-Hletrahedron Lett.

369. (b) Elofsson, M.; Salvador, L. A.; Kihlberg, Detrahedronl 997, 53, 2003 44, 9083. (d) Zhu, X.; Pachamuthu, K.; Schmidt, R. ®g. Lett.

369. (c) Marcaurelle, L. A.: Bertozzi, C. R. Am. Chem. So2001, 123 2004 6, 1083.

1587. (d) Chou, S.-S. P.; Chow, T. J.; Hsu, C.-H.; Yang, C.; Long, S.-H.; (17) (a) Merkx, R.; Brouwer, A. J.; Rijkers, D. T. S.; Liskamp, R. MQ¥g.

Lin, C.-D. J. Chem. Soc., Perkin Trans.1B97 1691. (e) McKervey, M. Lett. 2005 7, 1125. (b) Barlett, K. N.; Kolakowski, R.; Katukojvala, S.;

A.; Sullivan, B. O.; Myers, P. L.; Green, R. H. Chem. Soc., Chem. Williams, L. J.Org. Lett.2006 8, 823.

Commun.1993 94. (f) Yamashiro, D.; Blake, Int. J. Pept. Prot. Res. (18) A third path not shown in Scheme 1 can be advanced: Formation of the

1981, 18, 383. carbon nitrogen bond iRath 2could be faster than formation of the sulfur
(14) Shangguan, N.; Katukojvala, S.; Greenberg, R.; Williams, L.Am. Chem. nitrogen bond. The Schmidt amidation is mechanistically analogous to this

So0c.2003 125 7754. proposal; however, since azides bearing electron-withdrawing groups react
(15) Amidation of electron-deficient azides via the Staudinger reaction appears with thio acids more rapidly than azides bearing electron-donating

to be very slow compared to electron-rich azides, opposite the trend functionality, it seems unlikely that this path represents a generally relevant

observed for the thio acid/azide amidation, see: Lin, F. L.; Hoyt, H. M.; mechanism. If, however, the mechanism were substrate dependent, this

van Halbeek, H.; Bergman, R. G.; Bertozzi, C.JRAm. Chem. So2005 possibility should not be ignored and might be promoted by a suitable

127, 2686. additive, including metals or acid.
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Table 1. Amidation Activation Parameters with Thiobenzoic Acid Scheme 2. Interception of a Linear Intermediate
and Azide?@ A
azide E, (kcal mol—1) AH (kcalmol™Y)  AS* (eu) o
PhSGN3; 11.3+0.° 10.7£0.1 —-324+0.2 ph)J\se j\ o]
BnNs 11.7+£0.2 11.0£0.2 —45+0.2 ® * PhSON; _CHLCl  Ph h@ + PhSONH, + Ph™ “NHSO,Ph
R=SOPh keps=57x103M1s1+01 @ 21°C OH2 piperidine
R=CHoPh kops=4.5x 10°M1s1+0.1 @ 21°C
6 7 8 9 10
a Activation parameters determined by variable temperature pseudo first- ___eauv____ piperidine yield
order kinetics and fit to the model: rate kondPNCOSH][NsR]. Arrhenius 6 7 concentration 8 9 10
plot correlation coefficients= 0.999.° ¢ for the activation parameters 1 0 5.0M 5% - -
estimated via least-squares regression method of the corresponding Arrhenius i 05 5.0M 54% 45% 50%
plots20 For experimental details and plots, see Supporting Information. ’ '
1 0.5 0.0M 6% trace 96%
3+ 3,4-NO, B
O) 7
0.0M piperidi Phks_N‘"N N, S
Iog Kk .0M piperidine LN’O N $ 4o
(obs) / $=0
©
p-NO, ) L .
- " -
-4 T o =157 6+7
R2 =0.9438 Oy N=N O
pCN \\5.0M piperidine Ph>\“s Hﬁ‘g:o -PhSONHz N2.S g4 g
L N,
p-COCH, & O
ST p-CH, pathway represented hy = 1.57 is highly sensitive, within
g S o the limit o > 0.4, to the electronic properties of the aziflaken
-OCH . . .
p-OCH; together, the nonlinear Hammett correlation pides strong
o =-0.242 evidence that the mechanism for electron-poor azides is different
R? = 0.9367 from the mechanism for relatly electron-rich azides
‘64)5 (') 0'5 1'5 To gain further insight, we sought to intercept the proposed
’ ’ ’ intermediate of type3. If Path 1 represents the relevant
] ) ¢ ) ) mechanism, electron-deficient azides should undergo bimolecu-
Figure 1. Hammett correlation of phenyl azideRate determined by

monitoring UV disappearance of thiobenzoic acid. Rate is weakly dependent !ar COUplmg’Step l’_ fas_’ter than electron-rich aZIdeS_; however,
on o < 0.3. Rate increases markedly with increasimg> 0.4. For intramolecular cyclizatiorstep I, should be comparatively slow.
experimental details, plots, and error analysis see Supporting Information. The linear intermediate might be relatively long-lived for
electron-deficient azides, and thus it might be possible to
electron-deficient azides and benzyl azide representative ofintercept3 with a good nucleophile. For example, thio acid
electron-rich azide¥ While electron-deficient azides react much coupling with a sulfonazide in the presence of an amine
more rapidly with thio acids than electron-rich azides, both nucleophile might give amine-derived acylation products in
classes of reaction are accelerated by addition of base. In theaddition to, or instead of, the expect&iacyl sulfonamide.
reaction of thiobenzoic acid and sulfonyl azides, 1 equiv. of Indeed, the linear intermediate could be intercepted, as de-
lutidine increased the reaction rate by a factor of 80; similar scribed below and shown in Scheme 2
rate acceleration was observed for benzyl azide. The reactions When benzene sulfonazid@)(was added to a solution of
are first order in thio acid and first order in azide. Variable piperidinium thiobenzoates] in methylene chloride that did
temperature kinetic analysis revealed similar activation param- not have excess piperidindl-benzoyl sulfonamide1() was
eters for the two classes of azide, with benzyl azide having produced in near quantitative yield in 30 min, as expected
higher enthalpies and entropies of activation. (Scheme 2A). Trace amounts of amigland benzene sulfona-
We also conducted a Hammett correlation study with mide ©) were measurable, but insignificant. In contrast, when
substituted phenyl azides. As shown in Figure 1, there is a benzene sulfonazid@)was added to piperidinium thiobenzoate
distinct break in the plot. Two lines model the data well, with  (6) in the presence of excess piperidine, an8deas produced
o < 0.3 substituents fitted tp = —0.242 R? = 0.9367) and in 54% vyield?! In addition to molecular sulfur and nitrogen,
o > 0.4 fitted top = 1.57 R% = 0.9438). Within the limits < the reaction also gave benzene sulfonamide in 45% yield and
0.3, thep = —0.242 plot is indicative of a reaction pathway producedN-benzoyl sulfonamide in only 50% yiefd.It is
that is relatively insensitive to azide electronics, whereas the important to note that amine salts of thiobenzoic acid are
relatively stable in solution and that piperidinium thiobenzoate
(19) Benzyl azide represents alkyl azides in general, the amide products of which (6) in methylene chloride gave only trace amounts of amide
are typical of most amidation reactions. The amidation products of sulfonyl i i
azides,N-acyl sulfonamides, are also useful intermediates in medicinal product8 over the course of 30 min. Similar results were noted
chemistry as well as in solution and solid support-based safety-catch
chemistry. See: (a) Kenner, G. \@hem. Commuri971, 636. (b) Backes,
B. J.; Ellman, J. AJ. Org. Chem1999 64, 2322. (c) Shin, Y.; Winans,
K. A.; Backes, B. J.; Kent, S. B. H.; Ellman, J. A.; Bertozzi, C.RAmM.
Chem. Soc1999 121, 11684. (d) Ingenito, R.; Dreznjak, D.; Guffler, S.;
Wenschuh, H.Org. Lett.2002 4, 1187. (e) Mclean, D.; Hale, R.; Chen,
M. Org. Lett.2001, 3, 2977. (f) Abbate, F.; Supuran, C. T.; Scozzafava,

A.; Orioli, P.; Stubbs M. T.; Klebe, G. A.; Jones, B. BR. Med. Chem.
2002 45, 3583. See also ref 17.

(20) Data Reduction and Error Analysis for the Physical Scien&=ving, P.
R.; McGraw-Hill: New York, 1969.

(21) (a) For further experimental data, procedures, and characterization see
Supporting Information. (b) Related observations were noted for the reaction
of dithio acids with azides. See: (c) Kolakowski, R. V.; Shangguan, N.;
Williams, L. JTetrahedron Lett2006 47, 1163.

(22) Similar results were noted for related couplings of electron deficient azides
(e.g. 4-nitrophenyl azide), but not for electron-rich azides (data not shown).
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Scheme 3. Silyl Thiono Ester Reaction with Organic Azides. ITZ N
N ,
¥ - _N ST SN
0 TMS-OTf j\ NR - No Reaction S W J N s N
Ph"SH  TEA Ph7OTMS - CHCL A HO—j~y R N , R~g’ N
12 13 ' R R
R = EWG/EDG 16 17 18
) o ) Figure 2. Related heterocycles.
Scheme 4. ESI Analysis of Thiatriazolines.
ESI[MS+H]* + SN
SIMS+H] ESI[MS/MS] . SN RO. N
-[s’ \, ] [TTA+H] -N,S ®o N o
I e N HC N
-|oH HsC SO,CH
S/N\\N [ ] S/N\\N __~ | [TTA+H] -OH éOzCH;; -2 3
HoL HOS N ggg lI;:1H‘l«|s.
"k RT N, T |[TTAHIR
Rt _[R2 N -R?
Observed (R] [R I [TTA+H] -R
Thiatriazolines Observed
(TTA) Fragments
i Ny Ph
HyC™ “SH 15a _N 20715
192 Ny ol N | s j\ 2 He
5 N r” SN 28 + N,S
o} 15b R ke N HC 2 )sj\ s
ph)J\sH o SO.CH, HaC”~ “OH H3c”lkoms
14b N3 —$—CeHsCOOH 19a 19b
o S) S—N
i 15¢ o N o mso. SN
SH O Hd N " C)KN/SOZCHa 7( N
HN\Fmoc N3—Dansyl N3SO,CH3 H3CJ\S@ SO,CH; ' 2 H HyC ITI
14c 15d 20 22 25 28 26b SO:CHs

Figure 3. Relative enthalpies (kcal/mol) for methane sulfonazide reactions

for 6in 5.0 M piperidine. Therefore, the formation of ami@e  at 298 K in simulated acetone.
is induced by addition of benzene sulfonazide. The simplest
interpretation of these results invokesas an active ester-like R, R?, OH, and NS were readily apparent for each set of
species formed in solution in the course of the thio acid/azide coupling partners, regardless of the nature of the azide or
amidation with electron-deficient azides (Scheme 2B). complexity of the thio acidThese data are inconsistent with

In light of the known propensity of thionoesters to couple linear structures of typ8 and isomeric thiatriazoliné 6 (Figure
with organic azides at elevated temperatures (vide infra), we 2) but are consistent with a cyclic intermediate corresponding
examined the viability oPath 2under our more mild conditions. ~ to a thiatriazoline of typet.
If Path 2represents the primary mechanistic route to amide We also examined the potential energy surfaces of the
product, conditions that favor the thiono form of a thio acid reactions of thioacetate ion and thioacetic acid with methane
could accelerate the reaction. Addition of trimethylsilyl triflate  sulfonazide and methyl azide using Density Functional (DFT)
to thiobenzoic acid and triethylamine or lutidine effected calculations’® The mechanism was found to be dependent on
complete conversion to trimethylsilyl thionobenzoat&3,( the electronic character of the azide and protonation state of
Scheme 3%3 Subsequent treatment 8 with benzyl azide or  the thio acid. As outlined in Scheme Rath 1is found to be
benzene sulfonazide under our original amidation conditions favored for the reaction with methane sulfonazide and thioac-
gave only trace amounts of the corresponding amide prodticts. etate.Path 2is favored for the reaction of methyl azide and
Importantly, if trimethylsilyl triflate is omitted from these thioacetate. In contrad®ath 2is preferred for both azides when
reactions, the amide products are obtained in excellent $feld. the coupling partner is thioacetic acid. Figures 3 and 4 show
These data indicate that under these conditions either minimalcomputed stationary points for these reactions.
steric interactions or the retention of the anionic charactér of In Figure 3 we compare the reactions of electron-deficient
or both, are required for amidation. methane sulfonazide2() with thioacetate Z2) and thioacetic

Careful monitoring of thio acid/azide reactions by standard acid (depicted as thiono tautom#&®a, inset). Both systems
spectroscopic techniques yielded no measurable intermediatesproduce thiatriazolin6 and subsequently undergo retroH3|
however, several intriguing observations were documented with cycloaddition to produce nitrous sulfide and ami@@ The
electrospray mass spectrometry (Scheme 4). Reaction mixturegletailed pathways are found to be quite different, however.
of thio acids (4a—c) and electron-rich or electron-poor azides
(15a—d) gave ionic adducts corresponding to a 1:1 ratio of thio (25) (a) All structures were fully optimized by analytical gradient methods using

. 4 K the Gaussian 98 suites, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.;
acid:azide. EStMS/MS revealed that these species fragment Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;

; i ; Montgomery, J. A. Jr.; Stratmann, R. E.; Burant, J. C.; e(Gdussian 98
unlformly' SpeC|f|caIIy, the loss of fragmems CorreSpondmg to Revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998. (b) Density functional
(DFT) calculations used the exchange potentials of: Becke, A. Dhem.
(23) For synthesis and characterization of trimethylsilyl thionobenzoate, see: Phys.1993 98, 5648-5652. (c) the correlation functional of: Lee, C.;
(a) Kato, S.; Wataru, A.; Mizuta, M.; Ishii, YBull. Chem. Soc. Jpri973 Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785, and the 6-3tG(d)
46, 244. See also: (b) Perlmutter, P.; Rose, M.; VounatoEuF. J. Org. basis set for C, H, N and O augmented with the LANL2DZ set for
Chem 2003 (c) Shalaby, M. A. and Rapoport, H. Org. Chem1999 64, calculations involving sulfur and silicon. Frequencies were computed by
1065. analytical methods. All stationary points gave rise to the correct number
(24) If the thio acid is not distilled or sparged with nitrogen prior to reaction, of imaginary frequencies. Reported energy differences are based on single
false coupling results may be observed, which we have found are an point PCM calculations in a continuum medium with dielectric 20.7
indication of the presence of impurities and/or incomplete formation of (acetone) and were corrected for zero point energies and thermal effects at
the thionoester. 298.15 K (obtained from the results in vacuo).
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N3CH; CH, CHy MC™ N
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Figure 4. Relative enthalpies (kcal/mol) for methyl azide reactions at

298.15 K in simulated acetone.

Thioacetate 22) adds to methane sulfonazid20f to form a
stable linear addu@&3, which is 11.5 kcal/mol lower in enerdg§
Transition structur@4 connects this intermediate with anionic
thiatriazoline25 as shown by intrinsic reaction coordinate (IRC)
calculations. At this stage, protonation of the unstable aBton
leads to intermediat@6, which ultimately produce£8 and
nitrous sulfide via retro-[32] cycloaddition transition structure
27. In contrast, thio acetic acidl9a) undergoes direct [82]
cycloaddition with methane sulfonazid®Qj via transition
structure29ato form thiatriazoline26 (see inset), a path that
poses a significantly higher barrier compared 24. This
pathway is supported by IRC calculations, which li28a to

19aand 20 and to thiatriazoline26.

The reaction o220 with the relatedO-trimethylsilyl acetate

S—N\ S—N
SN N 0
N N P

HO. \
HaC "ﬂ/
CHs
35
(21.8)
21 +19a
S
H;,C)J\OH

19a

(23.1)

32

Table 2. Calculated Structures for Cycloaddition TS (1),
Thiatriazoline (1), and Retrocycloaddition TS (ll) (A)

\/C\ 1’N \/C\ 1'N X\C/l\ N
HC N HC N Hd N
R R R
1 I "
R, X C-N! S-N8 C-Nt S-N@& NZ-N2 C-S
1.CHs, O~ 2.29 1.94 1.55 1.77
2. CHg, OH 2.09 2.43 1.46 1.78 1.67 2.46

3. CHSO, O 1.73 1.77 1.61 1.76
4. CHSO,,OH 2.20 221 1.50 1.88 1.91 2.22

observed for the anionic counterpart (17.1 kcal/mol). Impor-
tantly, IRC calculations also established connectivity between
33 and component82, 34 and nitrous sulfide.

Table 2 presents key atomic distances computed for the
stationary states discussed above. For the alkyl azide (entries 1
and 2), the [32] cycloaddition transition states (I) are not
symmetric, and the protonation state of the thio acid dictates
the relative rate of bond formation. Thus;-®* bond formation
is less advanced (2.29 A) than-8I3 bond formation for the
thiocarboxylate (entry 1). The reverse is observed for the higher
energy thio acid transition state (entry 2). Comparison of the
C—N! and S-N3 distances of the thiatriazoline-forming transi-
tion structure for entry 1 and 3 reveals the distinct mechanistic
differences between electron-deficient azide (entry 3) and the
electron-rich azide (entry 1) when coupling with thioacetate.
For the sulfonyl azide (entry 3), the-®° bond is already
established (1.77 A) and consequently does not change signifi-
cantly during G-N* bond formation. In contrast, the-aN! and
S—N8 distances for entry 2 and entry 4 are similar for the
transition structures leading to thiatriazoline and are reflective
of analogous [3-2] cycloadditions. As expected, the-GlI*
distances of the anionic thiatriazolines (1) are greater than the
C—N?! distances of the neutral analogues (compare entries 1

(19b) was also studied computationally (Figure 3, inset). The and 3 with entries 2 and 4). As with the2] cycloaddition,
activation barrier computed for the concerted cycloaddition step the [3+2] cycloreversion transition (Ill) structures are highly

to produce silyl thiatriazolin@6b was found to be 15.7 kcal/
mol, significantly lower than that found for thioacetic acid (23.6
kcal/mol). As before, thiatriazolinez6 and26b were shown to
undergo retro-[3-2] cycloadditions with barriers of 13.9 kcal/

mol (26) and 15.8 kcal/molZ6b) (not shown).

Figure 4 describes the related chemistry of reactions between
methyl azide with thioacetic acid and thioacetate. Examination
of the coupling of thioacetat@®) with comparatively electron-
rich methyl azide 21) shows that the reactants underge-i3
cycloaddition via transition structurd0 to form anionic
thiatriazoline31 Although a stable linear adduct was found (not
shown), IRC calculations link transition structud® with 31
along with methyl azide21) and thioacetate2@). As expected,
protonation of31 is highly favorable and gives thiatriazoline
32, which undergoes retro-f32] cycloaddition via transition
structure33 to produce amide34) and nitrous sulfidé’ The
coupling of thioacetic acid1@a) with methyl azide produces
32 directly by way of transition structurd5 (Figure 4 inset),
albeit with a higher activation energy (21.8 kcal/mol) than

(26) A protonated form of this adduct was computed to havegher energy
than that ofl9a+ 20. This adduct is not involved in the formation 26

as shown by IRC calculations.

(27) Anionic transition states related 33 and leading td34 were not found.
This does not preclude retro-f2] nor stepwise decomposition pathways

of such anionic intermediates.

asymmetric. This is most pronounced for the methyl azide-
derived substrate (entry 2). In this transition structure, th&sC
bond is very long and weak (2.46 A), whereas tHe-N2 bond

is still very substantial. Similar though less pronounced trends
are observed for the sulfonyl azide-derived substrate.

Discussion

The above data are in accord with two related but distinctly
different mechanisms. The mechanisms differ primarily in the
manner and rate with which the common thiatriazoline inter-
mediate forms.

The stoichiometry of the transition states, as shown by kinetic
analysis, consists of one molecule of the anion of the thio acid
and one molecule of the azide, regardless of the electronic
character of the azide. Amidation for the sulfonazide is fast
(kobs= 5.7 x 1008 M~1s14 0.1, 21°C), whereas the reaction
rate for the alkyl azide is comparatively sloWwhus thio acid/
azide amidation strongly complements Staudinger amidation,
which is slow for electron-deficient azides and fasf,{k=
25x 103M1s71 4 0.2, 20-21°C) for electron-rich azide®

The enthalpy of activationAH*) for the more polarized
electron-deficient benzene sulfonazide is smaller than that of
benzyl azide. Alone this small difference cannot rule out either
pathway. The entropy of activation&) is large and negative
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for both azides, although it is significantly larger in magnitude adducts derived from the thio acid and the azide coupling
for the electron-rich benzyl azide. This accounts for the partner. The fragmentation pattern of these adducts includes loss
significant differences in rates for the two substrates. It is of subsituents associated with the parent thio acid and azide, as
difficult to further interpretAS* with certainty. For the coupling  well as loss of hydroxyl and nitrous sulfide (see Scheme 2). It
of thiobenzoic acid and benzyl azide, the significantly larger is difficult to establish unequivocally that ionic species detected
AS' may indicate that electron-rich azides couple via a more in electrospray ionization mass spectrometry experiments are
entropically demanding bimolecular cycloaddition transition present as neutral, relevant intermediates in the reaction;
state Path 2)28 a rationale that is supported by our computa- nevertheless, the fragmentation pattern rules out isomeric
tional studies (vide infra). Thus, the difference in rate of structures such a8 and 16 and is only consistent with
amidation for the two classes of azides is due primarily to thiatriazolines of typet.3!
differences in the entropies of activation and is reflective of  Since ethyl thiono esters and methyl dithio esters are known
the fundamentally different mechanisms represented in Schemeto react with alkyl azides at elevated temperatures (TI)0to
1, Path 1andPath 2 form imidates and thioimidated333it seemed reasonable that
The Hammett correlation study of subsituted phenyl azides such intermediates might be relevant to the thio acid/azide
(Figure 1) is indicative of two mechanisms and is not attributable amidation. Under the mild reaction conditions of our amidation,
to a change in rate determining step (e.g. a switch f&tep | however, neither class of azide reacted with silyl thionoesters.
to Step Ilin Path 1, Scheme 1). Crossover from one mechanism The steric, electronic, and conformational properties of the silyl
to the other occurs near ~ 0.35. Thus electron-rich azides thionoesters are significantly different from thiocarboxylates,
and modestly electron-poor azides follow one reaction path, and consequently, this finding is difficult to interpret. In
whereas highly electron-deficient azides follow a separate agreement with the DFT calculations discussed below, the]3
reaction path. The reaction mechanism for comparatively cycloaddition of neutral coupling partners would appear to
electron-rich azides is otherwise relatively insensitive to azide require higher temperatures than the coupling of thiocarboxyl-
electronics § = —0.242), findings consistent with a cycload- ates.

dition reaction pathway. In contrast, the reaction mechanism  The available experimental data on known thiatriazolines and
for electron-poor azides is highly sensitive to azide electronics tpiatriazoles suggest likely routes by which thiatriazolines of
(p = 1.57), findings consistent with a stepwise reaction pathway type 4 form amides. Thiatriazolines of tyde? (Figure 2) have
that proceeds by way of an anionic intermediate that can be peen demonstrated to decompose stepwise, first expunging
stabilized by the electron-withdrawing substituent of the azide. glecular nitrogen and ultimately losing sulfur. The corre-
The chemical trapping experiments (Scheme 2) strongly sponding reactive intermediates have been intercéptéu.
support the presence of a linear intermediate for sulfonazides, contrast tal 7, which houses an exocyclic electron-withdrawing
and by analogy, other fast-reacting electron-deficient azides. Al group, thiatriazolesl8 bear an exocyclic electron-donating
high concentrations of piperidine, benzene sulfonazide inducesgroup. This type of heterocycle loses nitrous sulfide)\ in
the rapid conversion of the piperidinium thiobenzoate salt to \yhat is probably a single step process, which rapidly decom-
the piperidine-derived benzamide. These findings are readily poses to nitrogen and sulféfr Nitrous sulfide generated from
rationalized by considering an acyclic precursor with active ester thiatriazoles has been characterized and used to deliver sulfur
character, such dsl (compare witt8). Thus, at high concentra- {4 strained alkenes generating thiira&shile ESI does not
tions the amine nucleophile intercepts the intermediate in an provide insight to the nature of the bond breaking process, data
intermolecular reaction with formation of benzene sulfonamide, g,mmarized in Scheme 4 show that thiatriazolines formed from

nitrogen and sulfur, whereas under dilute conditions intramo- thio acids and azides can lose a fragment corresponding to
lecular cyclization dominates ultimately leading to tkeacyl nitrous sulfided”

sulfonamide product In principle, the failure to intercept the

A ; . ) The DFT calculations also support the experimental conclu-
corresponding intermediate of benzyl azide could imply that PP P

he li . diate f qf b | avid lizes f sions in that two discrete reaction paths have been identified
the linear intermediate formed from benzyl azide cyclizes faster ;. 4t the mechanism is dictated by the electronic properties

than_ piperidine Interception. The Hammett Correla_tlon stud_y of the azide. The electron-deficient azide reacts via a stepwise
provides strong evidence an alternate mechanism is operative

d that th idati ol ich azid dmechanisr?? to form a thiatriazoline intermediate. Thus the
and that t € ami .atlon 0 gectron-nc azides may not proceed 5 niqn, of the thio acid adds to the polarized azide terminus. This
through a linear intermediate.

Th!at”aZO“neS appear to_ be mtermedlates_ for bOth_CIa_SseS(31) Although3, if present, could cyclize under these conditions to give the
of azide. ESI has been applied to detect transient species in the  observed thiatriazolingt and is not distinguishable via the ESMS

o B ; ; experiment.
Wittig, Mltsu_nobo, an_d Staundinger reactions, as we!l as r_elated (32) Miostoh G.: Romdski, R.. Heimgartner, HPolish J. Chem2001, 75,
tetrahedral intermediate%3° For the full range of thio acids 975.

. . . . 33) The DFT calculations reported here strongly implicate Path 2 as the likely
and azides studied, ESI reveals the presence of a 1:1 ratio Of( mechanism by which the putative thiatriazolines of ref 32 lead to the

observed imidates. The amidation reactions in ref 16a and 16b likely follow

(28) Interpretation of the data is complicated by the sensitivig$fto reaction reaction mechanisms analogous to those outlined here as well.
solvent.Organic Reactions: Equilibria, Kinetics and Mechanis@siz- (34) (a) Loock, E. V.; Vandensavel, J.-M.; L’Abbe, G.; SmetsJ30rg. Chem
madia, I. G., Ruff, F., Eds.; Elsevier: New York, 1994. 1973 38, 2916. (b) L’Abbe, G.; Verhelst, G.; Yu, C.-C.; Toppet. B.

(29) These experiments do not directly establish that compounds oBtgpe Org. Chem 1975 40, 1728. (c) L’Abbe, G.; Brems, P.; Albrecht, H.
on the reaction path, since they do not address the important issue of the Heterocyclic Chem199Q 27, 1059. Metal analogues are also known, see:
nature of the equilibrium between intermediates of t@ad4. However, (d) Fruhauf, H.-WChem. Re. 1997, 97, 523.
given the computational finding$ does indeed appear to be a relevant  (35) Wentrup, C.; Kambouris, hem. Re. 1991, 91, 363.
intermediate. See also ref 21c. (36) Adam, W.; Bargon, R. MEur. J. Org. Chem2001, 1959.

(30) (a) Wilson, S. R.; Perez, J.; PasternakJAAm. Chem. Sod.993 115 (37) To date, capture of nitrous sulfide or&cording to the procedure of Adam
1994. (b) Merkx, R.; Rijkeers, D. T. S.; Kemmink, J.; Liskamp, R. M. J. (see ref 36) has failed to provide unequivocal experimental evidence that
Tetrahedron Lett2003 44, 4515. See also: (c) Guo, H.; Qian, R.; Liao, nitrous sulfide is being generated under the reaction conditions.

Y.; Ma, S.; Guo, Y.J. Am. Chem. So2005 127, 13060. (38) Related to diazotransfer, see: Regitz, 3§nthesisl972 351.
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establishes the-SN connectivity and generates a stabilized aza-
anion @3, Figure 3). This species cyclizes to form the-I8
bond leading t@5. There is virtually no barrier to ring opening
and reversion to the linear intermedidfeProtonation of this
anion, however, prevents reversion to the linear intermediate
and leads to the relatively stable, neutral thiatriazoRéeIn
contrast to thio acetate, thioacetic acitbg was found to
undergo a one-step cycloaddition with methyl sulfonazide to
form 26 directly. While both routes converge on the same

Scheme 5. Mechanism of Amidation: Electron-Rich Azide

intermediate, the reaction barrier for the one-step process isScheme 6. Mechanism of Amidation: Electron-Deficient Azide

significantly higher in comparison to the anion (Figure 3).
Intermediate26 undergoes a-82 cycloreversion to form the
enol form of the product amide plus nitrous sulfide, which
decomposes to the observed nitrogen and séffur.
Electron-rich alkyl azide participates in a concerted process
for both the thiocarboxylate and the thio acid to give the
thiatriazoline in a single step. However, the reaction proceeds
via a lower activation barrier for the thiocarboxylate (17.1 kcal/
mol vs 21.8 kcal/mol, see Figure 4). Thus for both the electron-
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that the reaction pathway for relatively electron-rich azides is

rich and the electron-poor azides, the anionic reactions aredifferent from the pathway for highly electron-deficient azides.

accelerated relative to the neutral reactions.

The mechanisms shown above summarize our current under-

The computed activation energy difference between reactionsstanding of these reactions.

of methyl sulfonazide and methyl azide with thioacetic acid (1.8
kcal/mol) is somewhat larger than the experimentally determined
value (0.35 kcal/mol). There are two likely causes for this
difference. First, the single point PCM computations only
approximate the kinetic medium; and second, the use of methyl
groups in the calculations in place of phenyl and benzyl used
in the experiments ignores steric interactions that may be
relevant. This minor difference aside, the studies indicate that
the thio acid/azide coupling of azides bearing electron-donating
substituents constitutes an anion-acceleraté@]8ycloaddition
process that results in the formation of a stable thiatriazdfine.
This comparatively more sterically demanding transition state
is consistent with our experimental findings and the trend

For relatively electron-rich azides (Scheme 5), the nitregen
sulfur and nitrogerrcarbon connectivity of the thiatriazoline
intermediate is formed in a single step by anion-accelerated
[3+2] cycloaddition. Subsequent protonation and loss of nitrous
sulfide via retro-[3+2] cycloaddition gives the amide product.

Highly electron-poor azides first form the nitrogesulfur
bond to give a linear intermediate (Scheme 6). In a separate
step, formation of the nitrogercarbon bond and protonation
gives the thiatriazoline intermediate. RetroHg cycloaddition
gives the amide product. This mechanism is in complete accord
with the prior capture concept.

The mechanistic data provide a basis for understanding the
thio acid/azide amidation and explain why this reaction ap-

wherein primary azides react more rapidly than secondary aZideSproaches the ideal click-type reaction profile for highly electron-

and much more rapidly than tertiary azides. The anionic
thiatriazoline31 is significantly more stable tha®b and is not

as prone to €N cleavage and conversion to a linear intermedi-
ate. Protonation 031 and retro-[3-2] reaction gives the amide
product as well as nitrous sulfide in a manner completely
analogous to the pathway outlined for the thio acid reaction
with electron-deficient azides.

Summary

The experimental results from kinetic studies, Hammett
correlation, trapping experiments, and E®IS/MS data coupled
with computational analysis uniquely support our contention

(39) This finding is analogous to the very low barrier to hydroxide addition/
chloride elimination from acyl chlorides [(a) Fox, J. M.; Dmitrenko, O.;
Liao, L.-A.; Bach, R. D.J. Org. Chem2004 69, 7317]. It is noteworthy

in this regard that the o, of protonated23 may well be near that of an
N-acyl sulfonamide (K. ~ 2.5, see ref 19a) and th&pof thiatriazoline

26 near other tetrahedral intermediates [(K)p- 12, see: Deslongchamps,
P.Tetrahedron1975 31, 2463. (c) Perrin, C. L.; Nunez, Q. Am. Chem.
Soc 1986 108 5997; and (d) Perrirhcc. Chem. Re®002 35, 28] and
hence represents a Ka difference of approximately 10 orders of magnitude.
This difference in anion stability anticipates the small reaction barrier
separating?5 from 23,

Analogous anion accelerated2] cycloadditions, though known, appear
to be very rare (for an example, see: (a) Shindo, M., Kotaro, I.; Tsuchiya,
C.; Shishido, K.Org. Lett 2002 4, 3119) and models for predicting the
effect of an exo-anion on a ] cycloaddition do not appear to be
developed (see for example: (b) Carpenter, BTKtrahedron1978 34,
1877).

(40)

poor azide substrates. Such azides form the desired amide
products in high yield under dilute or concentrated solutions at
room temperature. The coupling is effective in solvents ranging
from organic to aqueous. Nearly equimolar quantities of the
coupling partners provide high yield of the desired product.
These observations are directly attributable to the efficient,
chemoselective capture of the thiocarboxylate by the polarized
azide followed by efficient intramolecular nucleophilic addition.
Molecular nitrogen and sulfur, both of which are innocuous,
form as the only identifiable byproducts by spontaneous and
exothermic decomposition of the thiatriazoline. Virtually all of
these characteristics are retained in the amidation of electron-
rich azides. However, since the azide is not highly polarized,
the thiatriazoline is formed directly and extended heating of
more concentrated reaction mixtures is required to induce
satisfactory reaction rates.

Since our original disclosure on the thio acid/azide amidation
as a method for complex amide synthesis and as a potential
ligation strategy, several advances and applications of the
reaction have appeared, including selenium varint&and
metal promoted coupling$¢ New applications include the
preparation of neoglycopeptidé&s, thioamideg¢ N-acyl sul-
fonamides and their conjugat¥st’?including the promising
N-acyl S-substituted aminoethane sulfonamidés.
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Thio acid/azide amidation provides an alternative chemose- acquisition and Zhenghua Wang for preliminary experiments.
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