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Benzotriazole forms complexes of different stoichiometries with amines and phenols. Four of them have been characterized by single-crystal
X-ray diffraction. The trends of donor ~ —acceptor hydrogen-bond distances between corresponding molecular entities in the different complexes
are related to induction-mediated cooperativity effects.

Despite the widespread interest in benzotriazBIE4) and observed in organized structures when the overall energy of
its value in organic synthesis, as shown especially by a set of weak interactions does not match the sum of energies
Katritzky’s group, no formation of stable crystalline com- of the pairwise interactions as independently considéred.
plexes, besides the standard salt formation, has ever been Two types of cooperative effects are described, mediated
reported in its reactivity with amines and phenblderewith, by either conformational or electronic-distribution changes
we report on the behavior odBTZ with amines and/or in the implicated structure($)Recent theoretical and ex-
phenols and on the determination of the structures of four perimental studies support the relevance of this phenomenon
of them by X-ray crystallography. The study highlighted in proteins and more generally when amide groups are
cooperative effects which have theoretical implications in involved in H-bonding:® Herewith, it is shown that thBTZ
the biological and medicinal realm, where aromatic nitrogen amine complexes are a simple model system that gives
heterocycles are widely diffus@dCooperative effects are  experimental evidence about the role of long-range polariza-
tion effects in intermolecular interactions.

T Universita di Venezia.

¥ CNR Padova. (3) (a) Williams, D. H.; Westwel, M. SChem. Soc. Re4998,27, 57—

8 FIS Montecchio Maggiore. 63. (b) Williams, D. H.; Stephens, E.; Zhou, Mhem. Commur2003,

(1) Pozharskii, A. F.; Soldatenov, A. T.; Katritzky, A. Reterocycles 1973—1976. (c) Williams, D. H.; Stephens, E.; O'Brien, D. P.; Zhou, M.
in Life and SocietyWiley: New York, 1997. Angew. Chem., Int. E®2004,43, 6596—6616.

(2) Balaban, A. T.; Oniciu, D. C.; Katritzky, A. RChem. Re»2004, (4) Bisson, A. P.; Hunter, C. A.; Morales, J. C.; Young,@hem.—Eur.
104, 2777—2812. J. 1998,4, 845—851.

10.1021/0l060126m CCC: $33.50  © 2006 American Chemical Society
Published on Web 03/14/2006



o1

Figure 1. Crystal structures of: (apIP™-BTZ~ (1); (b) DCH*-BTZ-BTZ (2); (c) DCH*-BTZ~-PhOH (3); (d) CYP*-BTZ-BTZ,

(4).

While evaluating the capability d#TZ to act as a catalyst
in amidation reactions, it was observed that mixtureB Tt ,
dicyclohexylamine DCH), and phenolPhOH) in isopropyl

BTZ, (2), DCH-BTZ-PhOH (3), and the cyclopropylamine,
CYP-BTZ; (4), quaternary complex. The structures of the
complexes, as determined by single-crystal X-ray diffraction,

acetate led to the formation of a precipitate that emerged toare illustrated in Figure 1. Their H-bond parameters are in

be theDCH-BTZ- PhOH complexg To gain more informa-
tion on the influence oBTZ, a series of amines were added
to an IPAC solution ofBTZ.° For some of the amines,
colorless precipitates were observed aHINMR analysis
of the crystals revealed a variety @&TZ-amine salts
displaying different stoichiometries, though the 1:1 ratio was
prevailing in the majority of cases.

Crystals suitable for X-ray diffraction were grown for
diisopropylaminePIP-BTZ (1), dicyclohexylaminePCH-
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Table 1.

Structure analysis revealed a common feature in all the
complexes: the amines are protonatedB3Z to produce
ammonium benzotriazolate&NM *-BTZ ), and the side
nitrogen of BTZ~ opposite toAMM * acts as a second
hydrogen-bond-acceptor site, giving rise to the variety of
complexes shown in Figure 2. Furthermore, in all the
complexes, exced, the central nitrogen atom &TZ~ (N2)
participates in the formation of the final complex through
the formation of ion-pair dimers across a ring of hydrogen
bonds. However, the distances involving this central nitrogen
atom are generally longer than those involving the side
nitrogen atoms, in agreement with the electron density
distribution ofBTZ ~ which brings more negative charge on
its side nitrogen atoms.

Figure 2 reports the variation of the hydrogen-bond
distances between th&MM * ion and the side nitrogen of
BTZ~ (blue line) as well as between tH&TZ~ and the
secondBTZ molecule (as ir2 and4) or the extra hydrogen-

(7) For intramolecular effects see (resonance-assisted hydrogen bond)0ond donor (as i3) (red line). Ther system of the central

(a) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GJ. Am. Chem. S0d.994,
116, 909-915. (b) Gilli, P.; Bertolasi, V.; Ferretti, V.; Gilli, GI. Am. Chem.
S0c.2000,122, 10405-10417. (c) Steiner, TAngew. Chem., Int. E@002,
41, 48-76.

(8) To a solution ofPhOH (10 g, 0.106 mol) andCH (19.3 g, 0.106
mol) in isopropyl acetate (100 mL) was addBd@Z (12.6 g, 0.106 mol).

BTZ~ brings transmission through the complex and allows
for the interactions to be mutually influenced. For example,
the comparison betwe&and3 shows thaPhOH in 3 leads
to a stronger hydrogen bond th&TZ in 2; i.e., a shorter

To the obtained white slurry was added isopropy! acetate (100 mL), and BTZ ~-PhOH decreases thBTZ ~ electronic density and as

the solution was heated to reflux. After complete solubilization of the
precipitate, the mixture was slowly cooled to room temperature. At ca. 60
°C, the formation of colorless crystals began. The precipitate was filtered
obtaining theDCH-BTZ-PhOH complex (36.2 g, 86% yield).

(9) A 1:1 BTZ-amine precipitate was observed for diisopropylamine,
pyrrolidine, morpholine, £)-S-phenylethylamine, cyclohexylamine, and
benzylamine. A 2:1BTZ-amine precipitate was found for dicyclohexy-
lamine, monoethanolamine, isopropylamine, and diisobutylamine. A 3:1
BTZ-amine precipitate was detected for cyclopropylamine. No precipitate
was observed for triethylamine, ethyldiisopropylamine, diethylamine, imi-
dazole, diphenylamine, benzylethylamine, @Rd—)-2-amino-1-ethanol.
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a consequence lengthens DEH-BTZ ~ ion-pair distance.
Conversely, the weakdé8TZ ~-BTZ interaction of2 allows

for a shorterDCH*-BTZ~ ion-pair distance and conse-

qguently a stronger bond. In other words, the variation of the
negative charge in thBTZ~ anion due to the relocation

(10) The anionic character &TZ ~ is supported by the equivalence of
its two N—N bond distances.
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Table 1. H-Bond Parameters for the Complekes

type of donor acceptor distance (A)
complex H-bond (D-H) (A) D---A
DIP*-BTZ (1) DIP*---BTZ~ N3-H N1 2.8839(17)
DCH*"-BTZ -BTZ (2) BTZ---BTZ~ N6—-H N1 2.8023(18)
DCH*---BTZ~ N7-HA N3 2.8314(16)
DCH"---BTZ~ N7-HB N2 2.8617(18)
DCH*'-BTZ -PhOH (3) PhOH:--BTZ~ O1-H N1 2.710(3)
DCH"---BTZ~ N5—-H N3 2.861(2)
DCH"---BTZ~ N4-H N2 2.856(2)
CYP"-BTZ -BTZ;(4) BTZ---BTZ~ N7-H N1 2.717(2)
CYP*---BTZ~ N10-HC N3 2.841(3)
CYP*---BTZ~ N10—HB N2 2.942(3)
BTZ---BTZ N4-H4 N9 2.789(3)
CYP*---BTZ N10-HA N5 3.038(3)

aD—H--+A angles are in the range 15077°. Full details are in the Supporting Information.

given by the extra hydrogen donor influences the strength and a longer distance in the ion pair compare@ tdhus,
of the ion-pair bond. the additionalBTZ molecule affects the whole set of
interactions. The polarization also works reversely. The
_ shorter BTZ-BTZ distance in4, as compared to that
occurring in the crystal structure of pul&TZ,!* further
29 - supports the polarization effects (green line). Figure 2 shows
the effect of the different molecules hydrogen bonded to
M' BTZ~. Moving through the blue line, a lengthening of the
AMM *-BTZ~ bond can be observed, induced by the
different lateral moieties, whereas a shortening of the
e BTZ---BTZ distance (red line) is observed on going from
2 to 4 due to the presence of an extra moleculeBdiZ.
Such an effect could not be presumed on considering the

—————® BTZ"BTZ(PhOH) pairwise interactions independently.
To the best of our knowledge, ammonium benzotriazolate
complexes have never been reported so far. These salts
T constitute a case study of cooperativity as the interactions
QO P T at both sides oBTZ~ are mutually influenced. In addition
H dﬂ B to the ion pairs, neutral molecules may also take part in these
T i I i I complexes through hydrogen bonds (ajr8, and4) and
C[@F}" Bﬁ}“ modulate the interactions. Our findings might be related to
i % the long-range effects observed in enzymes involving his-
C“;M?g .FH;N'P tidine residues in the catalytic site, where changes in the
B PSR electrostatic distribution at more than 10 A distance influence
Figure 2. Donor—acceptor H-bond distances in crystallBiEZ the catalytic activity:?
and in complexed—4. Red arrows indicate the displacement of
negative charges due to the formation of H-bonds. Acknowledgment. Filippo Tomasi (FIS) and Alberto

Solda (FIS) are gratefully acknowledged for their collabora-

tion. This work was co-funded by MIUR (Rome) within the
In line with this rationale, the negative chargeBfZ~ national PRIN framework.

is additionally reduced in the case dbfwhere theBTZ " is

hydrogen bonded on both sides with a positively charged Supporting Information Available: Crystallographic

species thus lengthening tiEP*-BTZ ~ bond. data. This material is available free of charge via the Internet
Complex4 displays four nonequivalent molecular moi- at http://pubs.acs.org.

eties, thus allowing the analysis of a system in which two  g=4126m

BTZ molecules are hydrogen bonded to the ion pair. The

BTZ-BTZ ~ distance is shorter in comparison with the (11) Escande, A.; Galigné, J. L.; LapasseiAdta Crystallogr. B1974,

corresponding distance in compl2xThis fact is due to the 30, 1490—-1495. _ _ _

capability of the terminaBTZ to polarize the centrdTZ. 13511%)_ (f‘b)) JFa}gﬁzﬁ””B?Ms'g;ﬁlegt" VAV'I;3,50;22:'ﬁfﬁg?ﬁéﬁgg’fggg—’

This results also in a diminished electron densityBiiZ ~ 37, 17386-17401.
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