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Abstract: It is well-known that azide salts can engage nitriles at elevated temperatures to yield tetrazoles;
however, there is continued debate as to the mechanism of the reaction. Density functional theory
calculations with the hybrid functional B3LYP have been performed to study different mechanisms of tetrazole
formation, including concerted cycloaddition and stepwise addition of neutral or anionic azide species. The
calculations presented here suggest a previously unsuspected nitrile activation step en route to an imidoy!
azide, which then cyclizes to give the tetrazole. The activation barriers are found to correlate strongly with
the electron-withdrawing potential of the substituent on the nitrile.

I. Introduction the reaction proceeds via a traditionalH23] mechanism (see
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Tetrazoles are an increasingly popular functionalitith Scheme 1}:

wide-ranging applications. They have found use in pharmaceu- Scheme 1

ticals as lipophilic spacetand carboxylic acid surrogatésn N N N---N N—N
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systems$, not to mention as precursors to a variety of nitrogen-  ewa .'q: N I

R
containing heterocyclés.The most direct method to form R :

tetrazoles is via the formal [2 3] cycloaddition of azides and
nitriles. However, evidence in the literature indicates that the
mechanism of the reaction is different for different azide species.
When an organic azide is used as the dipole, only certain
highly activated nitriles are competent dipolarophiléis.these
cases the reaction is regioselective, and only the 1l-alkylated
product is observedllt is commonly accepted that in these cases

Of greater interest to us here is the mechanism behind the
formally similar addition of azide salts and nitriles to givid-1
tetrazoles. It has long been knoWrthat simple heating of
certain azide salts with a nitrile in solution (typically 206050
°C) produces the corresponding tetrazole in high yield (see
Scheme 2). This variant is much more synthetically useful, as
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* Corresponding author: e-mail sharples@scripps.edu. N m 1) A N—N N=N
T Department of Molecular Biology. I// £ N+ 2) H.0 /Q N /& N
* Department of Chemistry and The Skaggs Institute for Chemical d ’1‘ R r?n’ R \N/ “H
Biology. N
(1) Butler, R. N. InComprehensie Heterocyclic Chemistryatritzky, A. R., X H
Rees C.W., Scriven, E. F. V., Eds.; Pergamon: Oxford, U.K., 1996; Vol. R=C,N,S; X=H, HNR3, M

2) A simple search of the MDDR database (6/01) provided 173 1-alkylated o . . .
and 151 2-alkylated &-tetrazoles and 147 1-alkylated and 33 2-alkyiated the scope of nitriles that are competent reactants in this reaction

5-heterotetrazoles. i i i i i
(3) Singh, H.; Chawla, A. S.; Kapoor, V. K.; Paul, D.; Malhotra, R.R¢og. IS vg_ry broad.’ n ComraSt with the .Case of organic azides. In
Med. Chem198Q 17, 151-183. addition, a wide variety of metalazide complexes are com-

(4) (a) Ostrovskii, V. A.; Pevzner, M. S.; Kofmna, T. P.; Shcherbinin, M. B; H
Tselinskii, 1. V. Targets Heterocycl. Syst999 3, 467—526. (b) Hiskey, petent azide donors.

M.; Chavez, D. E.; Naud, D. L.; Son, S. F.; Berghout, H. L.; Bome, C. A. Mechanistically, these cases are considerably more compli-
Proc. Int. Pyrotech. Semir200Q 27, 3—14. . . . ‘i
(5) Koldobskil, G. | Ostrovskii, V. AUsp. Khim.1994 63, 847—865. cated: several possible reaction pathways can be envisioned.
(6) (a) Huisgen, R.; Sauer, J.; Sturm, H. J.; Markgraf, JCHem. Ber196Q
93, 2106-2124. (b) Moderhack, DJ. Prakt. Chem1988 340, 687—709. (9) Huisgen, RJ. Org. Chem1968 33, 2291-2297.
(7) (a) Quast, H; Bieber, L.Tetrahedron Lett1976 18, 1485-1486. (b) (10) Dimroth, O.; Fester, GChem. Ber191Q 43, 2219-2223.
Krayushin, M. M.; Beskopylnyi, A. M., Zlotin, S. G.; Lukyanov, O. A,; (11) (a) Dunica, J. V.; Pierce, M. E.; Santella, J. B. JIlOrg. Chem1991, 56,
Zhulin, V. M. lzv. Akad. Nauk. SSSR Ser. Khi®8Q 11, 2668. (c) 2395-2400. (b) Wittenberger, S. J.; Donner, B. &.0rg. Chem1993
Zavarzin, |. V.; Zhulin, V. M.; Yarovenko, V. N.; Krayushkin, M. Mzu. 58, 4139-4141. (c) Curran, D. P.; Hadida, S.; Kim, S.-Yetrahedron
Akad. Nauk SSSR, Ser. Khit@88 5, 1168-1170. (d) Klaubert, D. H.; 1999 55, 8997-9006. (d) Wiberg, V. E.; Michaud, HZ. Naturforsch. B
Sellstedt, J. H.; Guinosso, C. J.; Bell, S. C.; Capetola, B. Med. Chem. 1954 9, 496-497. (e) Grzonka, Z.; Liberek, BRocz. Chem1971, 45,
1981 24, 748-752. (e) Demko, Z. P.; Sharpless, K. Bngew. Chem., 967—-980. (f) Huff, B. E.; Staszak, M. ATetrahedron Lett1993 34, 8011~
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Claims have been made for both an anionic two-step mecha-

nism213and a concerted [2- 3] cycloaddition!* but the data

for minima and one imaginary frequency for transition states, and also
to evaluate the zero-point vibrational effects on energy. Unless otherwise

are not conclusive. Moreover, there is evidence against both ofStated, solvation energies were added as single-point calculations by

these mechanisms. For example, Koldobskii et*aghowed
that while protic ammonium salts of azide are competent azide
donors, tetraalkylammonium salts werat, refuting the strictly
anionic two-step mechanism. Also, while virtually all nitriles

use of the conductorlike solvation model COSki@t the B3LYP/6-
311G(d,p) level. In this model, a cavity around the system is surrounded
by polarizable dielectric continuum. The dielectric constant was chosen
as the standard value for waters= 80. Some of the experiments were
done in DMF, which has a dielectric constant of= 37. As the

are engaged by ammonium azide salts at elevated temperaturesojyation energy to a first approximation is proportional to—(%/z)

organic azides only react with the most activated nitfifeEhe

for largee,?® the water and DMF values give almost identical solvation

fact that these azide salts and organic azides are electronicallyenergies. Since we are mainly interested in reaction barriers (reactant

very similar, yet have significantly different reactivities, indicates
that different mechanisms are likely in effect.

Other similar reactions involving nucleophilic attack on
nitriles are known, including acidic hydrolysis of a nitrile to an
amide!® and the Pinner synthesis of imidafésyelevant
mechanistic studies prove illuminating. In these reactions, it has
been shown that the rate-limiting step involves the activation
of the nitrile by a protic acid to give an activated nitrile (see
Scheme 3). Surprisingly, previous mechanistic work on tetrazole

Scheme 3
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formation has not paid heed to these parallels. Is it possible
that 1H-tetrazole formation follows a similar reaction pathway

— transition state) and relative barriers, the differences are not
significant. This is probably best demonstrated by a numerical example.
For the [2+ 3] cycloaddition of HN to MeCN, the difference in
solvation energy between= 37 ande = 80 is 0.11 kcal/mol for the
reactants and 0.19 kcal/mol for the transition state. The difference for
the barrier is hence lower than 0.1 kcal/mol. Also, geometry optimiza-
tion under solvation gives very small differences compared to optimiza-
tion in gas phase and then addition of solvation energy as a single-
point calculation.

The barriers reported in this paper are calculated relative to free
reactants. In gas phase, this will introduce an error of several kilocalories
per mole, since the depth of the hydrogen-bonding precursor is
completely neglected. However, when solvation is included, the
precursor complex has a very similar energy to the free reactants. Tests
showed that the differences were on the order of 0.1 kcal/mol.

To be able to optimize the transition states, it was found crucial to
start the optimization with a Hessian of a somewhat good quality;
typically the HF/3-21G level was used.

All the energies presented in the present paper are enthalpies to which

to these reactions, wherein the azide moiety engages the nitrileS°lvation energies are added. Zero-point energy (ZPE) effects are

with the help of this protic nitrile activation step?

included.

In the present study, we use quantum chemical calculations)|| results and Discussion

to probe the energetics of various reaction mechanisms for
addition of azides to nitriles. This study will focus on hydrazoic
acid as the dipole, and the simplest and most widely ¥sed
procedure involving amine salts of hydrazoic atid*1°The
theoretical method employed is the hybrid Hartré®ck/density
functional theory method B3LYP, which has been applied
extensively in organic chemistry in recent years.

Il. Computational Details

All geometries and energies presented in the present study are

computed with the B3LYP density functional theory method as
implemented in the Gaussian98 program packageometry optimi-
zations were performed with the tripleplus polarization basis set
6-311G(d,p), followed by single-point energy calculation using the
larger basis set 6-3#1G(2d,2p). Hessians were calculated at the
B3LYP/6-311G(d,p) level of theory. Hessians provide a control that
the stationary points localized are correct, with no imaginary frequencies

(12) Finnegan, W. G.; Henry, R. A.; Lofquist, B. Am. Chem. S0d.958 80,
3908-3911.

(13) Jursic, E.; Zdravkovski, ZTHEOCHEM1994 118 11-22.

(14) (a) Titova, I. E.; Poplavskii, V. S.; Koldobskii, G. I.; Ostrovskii, V. A.;
Nikolaev, V. D.; Erusalimskii, G. BKhim. Geterosikl. Soedirl986 8,
1086-1089. (b) Ostrovskii, V. A.; Poplavskii, V. S.; Koldobskii, G. I.;
Erusalimskii, G. B.Khim. Geterosikl. Soedirt992 9, 1214-1217.

(15) Demko, Z. P.; Sharpless, K. Brg. Lett.2001, 3, 4091-4094, Scheme 2.

(16) Sullivan, M. J.; Kilpatrick, M. L.J. Am. Chem. Sod945 67, 1815~
1823.

(17) (a) Pinner, ADie Imido&her und ihre Deriate Oppenheim: Berlin, 1892.
(b) Ritter, J. J.; Tillmanns, E. d. Org. Chem1957 22, 839-840. (c)
Schaefer, F. C. IiThe Chemistry of the Cyano GrouRappoport, Z., Ed.;
Interscience: London, 1970; Chapt. 6.

(18) Wittenberger, S. DOrg. Prep. Proced. Int1994 26, 499-531.

(19) Koguro, K.; Oga, T.; Mitsui, S.; Orita, RBynthesis1998 910-914.

(20) (a) Becke, A. DPhys. Re. 1988 A38 3098-3100. (b) Becke, A. DJ.
Chem. Phys1993 98, 1372-1377. (c) Becke, A. DJ. Chem. Phys1993
98, 5648-5652.

A. Neutral Cycloaddition. When the azide is bound to an
organic substrate, it seems clear that the reaction proceeds by a
traditional concerted [2 3] mechanism (see Scheme 1). It is
possible that azide salt species simply play the role of a
covalently bound azide, a situation very similar electronically
to that of organic azides. These two cases are considered in
this section. Our calculations show that intermediates such as
those shown in Chart 1 are not stable; thus, as previous studies

Chart 1
N

N

+

O
N
\
B
have shown, a concerted {23] cycloaddition is the most likely
pathway for the bimolecular addition of nonionic azides to
nitriles.

(21) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann,
J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N. Kudin, M.
C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson,
P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B.
B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M.
W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle,
and J. A. Pople, Gaussian 98, Revision A.9; Gaussian, Inc.: Pittsburgh,
PA, 1998.

(22) (a) Barone, V.; Cossi, M.. Phys. Cheml998 102 1995-2001. (b) Barone,
B.; Cossi, M.; Tomasi, JJ. Comput. Chenil998 19, 404-417.

(23) Orozco, M.; Luque, F. hem. Re. 200Q 100,4187-4226.
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In the context of the concerted cycloaddition, two different substituents are -G1-CHyF, -CHFR,, and -Ck (lines 1, 6, 7,
isomers of tetrazole, the 1,5- and 2,5-disubstituted, can beand 8): the barriers for the reactions of these with methyl azide
formed (see Scheme 4). We have calculated the transition statesre 31.6, 27.8, 23.3, and 21.8 kcal/mol, respectively. A

secondary factor is the steric bulk of the substituent. For

Scheme 4 N instancetert-butyl nitrile has a barrier 3.2 kcal/mol higher than
N \\N N/N\\ that of methylnitrile (34.8 vs 31.6 kcal/mol).
}\__ ;) — )|\ N Transition-state geometries change slightly depending on the
\ / H "N\ ' R N\ supstituent. The Grile—Nazide distance qf TS1, for example,_
N W R R’ varies between 1.80 and 1.99 A, with the electronegative
+ /N + TS1 1,5-tetrazole substituents causing shorter distances. ThgdNNazigedistance
N~ /R' R varies between 1.96 and 2.40 A, with the electronegative
R R \ _.N N/ substituents now causing longer distances. The angles adjust
N \N —_—> NT N accordingly; the NNN angle of the azide varies between°131
)\,\1/ )l\N// and 139, while the RCN angle varies between 13hd 147.
R R Hence, the more electron-withdrawing substituent has the more
TS2 2,5-tetrazole asymmetric transition state.

It is interesting to note that the energy needed to bend the
for the cycloaddition of methyl azide (MgNand hydrazoic ~ RCN angle varies considerably with the substituents. For
acid (HNs) to a number of substituted nitriles, with substituents instance, the energy needed to bend the CCN angle in meth-
ranging from electron-donating (methyl) to very electron- Yinitrile from linear to 140 (the approximate angle at the
withdrawing (fluorine). The barriers and reaction energies are transition state) is 13.5 kcal/mol, while the energy needed to

presented in Table 1, and the transition-state and tetrazolebend the SCN angle in sulfonylnitrile to the same degree is 6.4

kcal/mol. This explains in part the lower barrier found for the
Table 1. Calculated Barriers and Exothermicities@ for Neutral [2 + electronegative substituents.

3] Cycloaddition Reaction of RCN with R'N . . . . .
1Cy ® It is also interesting to note that in gas phase, as previous

AH AH ; i
R R TSI TS2 A(TSI-TS2) 15fetazole 25etrazole AAH studies have foundf, the 2,5-tetra.zoles are generally slightly

T Ve Vo 316 378 —o2 104  —190 —o4 more stable than the correspondirg-tsomers. However, the

> Ph Me 325 37.8 —53 174 —204 430 1,5-isomer has in general a higher dipole moment (6.2 vs 2.6

3 tBu Me 348 387 -39 -145 -17.3  +27 D for dimethyltetrazole, for example) and hence solvates better,

4 MeS Me 285 336 51 -204  -201 03 ; - i B i

E Moo  Me 259 339  —80 579 583 +oa which results in relative stabll!tles of the 1,5- vs 2,5-isomers

6 CHF Me 27.8 335 -57 229 247 +18 very close to one another, in the range #B kcal/mol,

7 CHR, Me 233 297  —64 —-31.8 —-290 -—2.8 depending on the size and electronegativity of the substituents.

8 Cr ~Me 218 277  —59 ~ —293  -3L9 +26 B. Anionic Cycloaddition. In reactions where NaNs added

9 MeSQ Me 204 261  -57 —-26.4  —296 +3.2 e ) " )

10 F Me 18.1 27.8 —9.7 357 -389 432 to nitrile in nonprotic organic solvents, such as dimethylfor-

11 Me H 351 417 —6.6 -137  -125 -12 mamide (DMF) or glymeé?2°it has been found that yields are

12 MeSQ H 237 297  —6.0 -21.1 —-24.9 +38 ; ; ;

13 F H 219 319 -100 _595 319 423 generally lower, and higher reaction temperatures are required.

In these cases, there are two possible mechanisms, assuming
2Values are in kilocalories per mole. the cation does not play a role, either a direct {2 3]

] ) ] cycloaddition or a two-step sequence wherein the azide first
geometries for two of these reactions (with methyl and meth- \,cleophilically attacks the nitrile, followed by ring closure. In
ylsulfonium substituents) are displayed in Figure 1. ~this section the barriers for the cycloaddition of the azide anion

Of primary note is that all reactions are strongly exothermic, 4 nitriles have been calculated, with the same set of nitriles as

with the more electronegative substituents on the nitriles yielding j,, the previous section. The results are listed in Table 2, and
greater exothermicities. The actual exothermicities are somewhat

overestimated, as entropy effects are not included in the Table 2. Calculated Barriers and Exothermicities? for Anionic [2 +
3] Cycloaddition Reaction of RCN with N3~

calculations.

Experimentally, the 1-substituted tetrazole is exclusively R barrier tetrazole
formed, as mentioned above. This is consistent with calculations 1 Me 33.8 -14.8
which show that TS1, for all substituents, is considerably lower 2 Ph 324 —16.5

. 3 tBu 37.2 —-11.3
than TS2. The difference ranges from 9.7 kcal/mol for the 4 MeS 26.5 —171
extremely electron-poor fluoronitrile, to 3.9 kcal/mol for the 5 MeO 22.3 —24.2
relatively electron-rich and very bulkyert-butyl nitrile. A ? gﬂi fg'g :gg'g
general trend is that the more activated the nitrile, the larger ) CFs 128 ~34.0
the difference between TS1 and TS2. Also, the size of the 1% II\:AeSQ 1%.2 —%Sl;.g

substituents affects the difference, as there is less steric repulsion
in TS2 than in TS1. aValues are in kilocalories per mole.

From Table 1 we can see that the barriers for thet[3]
cycloaddition (TS1) are correlated with the electron-withdrawing two typical transition-state geometries are given in Figufé 2.
power of the substituents. Accordingly, the lowest barriers are  As in the case of the neutral [2 3] cycloaddition, the barrier
found for the very electronegative sulfonium and fluorine groups for anionic [2 + 3] cycloaddition decreases with increasing
(lines 9 and 10). This effect is also seen in the series where theelectron-withdrawing potential of the substituent on the nitrile.

12212 J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002
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205
1326°

1.19
194 " 146.8°

1.48

Figure 1. Optimized structures of transition states 1 (A, E) and 2 (B, F) and corresponding tetrazole products (C, D, G, H) formed from cycloaddition of
methyl azide and acetonitrile (Table 1, line 1; structuresD) or methyl azide and sulfoniumnitrile (Table 1, line 9; structuresH}. Bond lengths are
given in angstims.

are 3.6 and 9.7 kcal/mol lower, respectively, than the comparable
concerted neutral reaction.

The geometry of the transition state of anionic reaction is
more asymmetric than for the neutral reaction; tRgi&-Nazide
distance is significantly shorter than theifNe—Nazige distance.

The difference grows with the electron-withdrawing potential
of the substituent. For acetonitrile, for example, the-®
distance is 1.65 A and the-N\N distance is 2.37 A, while for
sulfonyl cyanides the same distances are 1.50 and 2.44 A,

respectively.
A B For very strong electron-withdrawing groups, like fer
Figure 2. Optimized transition-state structures for addition of No RSG", an intermediate such as that found in Chart 2 could be
methylnitrile (A) and methane sulfonylnitrile (B). Chart 2
However, in this case, the slope of the change in barrier versus N N//N'
electronic character is greater (see Figure 6). For example, the R)\\N’/ +

barriers for the anionic reaction with the relatively electron-
rich acetonitrile andert-butylnitrile (Table 2, lines 1 and 3)  found. However, it is weakly bound, as seen for instance from
are slightly more than 2 kcal/mol higher than for the concerted the rather long N-C bond length (1.57 A for FCN and 1.49 A
neutral reaction. The relatively electroneutral benzonitrile (Table for CH,;SO,CN). The intermediate is at about the same energy
2, line 2) has an almost identical barrier, and the electron-poor a5 the free reactants, with a very small barrier for its formation
methylcyanate (MeOCN) and extremely electron-poor meth- (transition state could not be optimized, but linear transit
anesulfonyl cyanide (Table 2, lines 5 and 9) have barriers which cajculations gave an estimate of the barrier to be less than 4
(24) Sadlej-Sosnowska, N. Org. Chem2001, 66, 87378743, and references kcaI/mOD' [.)eSplte .th.e existence .O.f this mtermedlqte for t.he
therein. strongly activated nitriles, the transition state for the ring closing

(25) Sauer, J.; Huisgen, R, Strum, H Tktrahedron196Q 11, 241--251. turns out to be identical to the concertedi{23] transition state,
(26) A word of caution regarding the solvation energy af s in place here. R .
Negatively charged molecules of this small size tend usually to be indicating that the two pathways are essentially the same.

undersolvated with the methods used here. This would mean that the barriers ; ; ;
calculated here are somewhat underestimated. However, since the error is C. Prot_c_m Involvement. As mentioned in t_he IntrOdUCtlon’
constant, this should not affect relative barriers. Koldobskii et al**2showed that only ammonium salts of azide

J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002 12213
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Scheme 5
RO
N SN---H AN
, / N N H\

N I'!ll R,NH | H N | N N-----" N SN N\\
| | « ® 5 i |'!l®—> _ N @ — J\ L,ll — N

N \@ \ﬁ' N Vi R N~ @ R N/ \N/
R H I 8 © :

TS1 Intermediate P TS2

that contain a proton are competent dipoles; tetrabutylammao- stituent on the nitrile. For MeS&N, for instance, the inter-
nium azide does not workWhat then is the role of the proton? mediate has as much as 11.4 kcal/mol lower energy than the
Could it play the same role as it does in acid-catalyzed free reactants.
hydrolysis of nitriles or in the Pinner synthesis, namely, From intermediate P, the barrier to close the ring and form
activation of the nitrile? 1-tetrazole is very feasible, ca. 139 kcal/mol (via TS2) with

On the basis of the calculations, we propose that when arespect to intermediate P depending on the nature of the
proton is available, the tetrazole reaction proceeds via interme-substituent (see Table 3). Hence, once the intermediate is
diate P as in Scheme 5 (optimized geometries of the intermediatecreated, the tetrazole can readily be formed.
are shown in Figure 3A,C), instead of a direct{23] dipolar How Then Is Intermediate P Formed?The transition states
have been calculated for three scenarios for the creation of
intermediate P. The first possibility considered is a direct
concerted attack of HNon the nitrile in which the proton is
transferred to the nitrile nitrogen and at the same time th€N
bond is formed (typical six-membered ring transition-state
structures are shown in Figure 4). This reaction, which assumes

1.18

1.17

A B

Figure 4. Optimized transition-state structures for the direct concerted
attack of HN; on the methyinitrile (A) and methane sulfonylnitrile (B), to
form intermediate P via a transition state with a six-membered ring.

that the azide is protonated, has a barrier of around 30 kcal/
mol, with small variations depending on the nature of the
Figure 3. Optimized structures of intermediate P and the ring-closing substituent (see Table 3). This is a relatively high activation
transition states for methyinitrile (A, B) and methane sulfonylnitrile (C, barrier, which can compete with the neutral and anionic
D). ’ " : - . L
) concerted [2+ 3] cycloaddition only for highly inactive nitriles.

Table 3. Calculated Energy? of Intermediate P Relative to HNs + Considered second is the mechanism where the proton comes
RCN, and the Barrier for Ring Closing from There to Form the from NH,*. This reaction was modeled in two different ways,

Tetrazole . . . .. .
- —— . which, interestingly, gave very similar transition states and
barrer for formation of intermediate P almost identical barriers. The first model starts from the neutral
R intermediate P ring closing barrier  direct TS NH, TS water TS Species HN and RCN. and ammonia (N;b-lmediates the proton
1 Me +3.3 +15.3 +31.0 +20.8 +26.8 transfer from the azide to the nitrile, with the concomitant
2 Mes ~1.6 +15.9 +202  +155 4248 formation of the N-C bond. The optimized transition-state
3 MeO -12.0 +19.4 +29.1 4126 +24.1 ¢ o A h d model
4 MeSQ —11.4 +17.8 +301 453 +234 structure for R= Me is given in Figure 5A. The second mode

assumes a deprotonated azide ion"(Nand protonated am-
aValues are in kilocalories per mole. Also included are the three models monium species (NiF). Here the geometry optimization had

gissectfjstseg?:f‘t‘r']aetﬁeg;.e barrier for the formation of the intermediate, as 1, o performed under the solvation to circumvent the large

charge separation that in the gas phase causes the moiety to

cycloaddition. This intermediate is quite stable; fo=RMe it collapse into neutral molecules. The optimized transition-state

is 3.3 kcal/mol less stable than the free reactantsg id structure is given in Figure 5B.

MeCN. As seen in Table 3, the stability of the intermediate ~ The barriers for these two models are almost identical. For

increases with the electron-withdrawing potential of the sub- instance, for R= Me the neutral model yields a barrier of 20.8
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Figure 5. Optimized transition-state structures for the formation of intermediate P according to different models: a neutral model starting,fidHy,HN
and MeCN (A); an ionic model starting fromgN, NH4+, and MeCN, geometry-optimized in solvent (B); and a neutral model starting frogy H¥®D, and
MeCN (C).
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Figure 6. Summary of reaction barriers calculated in the present study. Last h . tigated wheth t | |
Note that triangles show the barrier only for formation of intermediate P ast, we have invesugated whether a water molecule can

and not for the subsequent ring closing, which has a barrier of ca1a5  facilitate the reaction in the same way as ammonia (transition-
kcal/mol depending on substituent group (see text and Table 3 for details). state structure shown in Figure 5C). As seen from Table 3,
although the water molecule reduces the barrier compared to
kcal/mol, while the ionic model gives a barrier of 21.3 kcal/  the direct attack, it is still significantly higher than the ammonia-
mol, i.e., a difference of only 0.5 kcal/mol. This barrier is mediated reaction. Furthermore, the barrier shows a very modest
considerably lower than all mechanisms previously considered gecrease with the electronegativity of the substituent. While the
in this paper. Compare these numbers with those for attack of harrier difference between B Me and R= MeSQ, is only
hydrazoic acid through a six-membered transition state (31.0 3.4 kcal/mol in the water-catalyzed reaction, it is as large as
kcal/mol), the neutral [2+ 3] cycloaddition of HN to CHCN 15.5 kcal/mol in the ammonium-catalyzed reaction.
(35.1 kcal/mol), and the anionic [2 3] cycloaddition of N~ To summarize this section, in situations where a proton is
to CHCN (33.8 kcal/mol). The same conclusion applies to all readily available, a stepwise reaction through intermediate P is
other substitution patterns studied (see Table 3). When the nitrilemore favorable than [2+ 3] cycloaddition reactions, either
is attached to a methoxy group (methyl cyanate), the am- neutral or anionic. This mechanism is similar to the known
monium-mediated reaction has a barrier (12.6 kcal/mol) sig- mechanisms of acid-catalyzed nitrile hydrolysis and the Pinner

nificantly lower than that in the attack of Hhrough the six-  synthesis, with the difference being that the nucleophile is an
membered transition state (29.1 kcal/mol) or the £23] azide. The key to this mechanism’s low-energy TS is that the
cycloaddition of HN (25.9 kcal/mol) or the anionic [2 3] nitrile is activated by a proton. Experimentally, this is provided

cycloaddition of N~ (22.3 kcal/mol). Within a few kilocalories by ammonium salt, but of course other proton sources could
per mole, the various mechanisms have the same entropy.play the same role.

Interestingly, as Table 3 indicates, for strongly electronegative
substituents, the ring-closing step, which has a barrier ef 16
19 kcal/mol, might become the rate-limiting step. However, the  In the present study we have examined the energetics of
entropy effect for the creation of intermediate P should raise different mechanisms for formation of tetrazole from azide and
the barrier of that compared to the ring-closing step (estimated nitriles. This has been done by means of the B3LYP density
at ca. 5-7 kcal/mol). functional theory method. The barriers for the different mech-

IV. Conclusions
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anisms are summarized in Figures 6 and 7. The main result ofentropies of bimolecular reactions in solution involves a number
the calculations is that when a proton is available, the reaction of subtle issued’
proceeds via the protonated intermediate P, as shown in Scheme
5. The transition state leading to the formation of intermediate ~ Acknowledgment. We thank the National Institute of General
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Addition reactions such as the ones studied in the present;,y,06644
paper usually exhibit large entropic effects. These were not
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trends and relative effects, and accurate determination of 1542.
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