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The effects of electronegative substitution (as modeled using fluoro substituents) on the strengHir of\C
interactions, and how these effects change with hybridization or with acidity of the proton donor, are examined
through the use of quantum chemistry. The binding ener@gsit complexes between fluorinated derivatives

of acetylene, ethylene, ethane and methane (the donors) and ammonia (the acceptor) are considered. We find
that fluoro substitution leads to a strengthening of theH=:-N hydrogen bonds in all cases. The effect of
replacing a beta hydrogen by fluorine increases as the hybridization of the proton donor goes fragp’sp

< sp. This trend is the opposite of the propensity of the unsubstituteld Gonors to participate in a hydrogen
bond. The magnitude of the effect of an alpha fluorine is significantly greater than that of a beta fluorine for
the ethylene-ammonia complex, but the difference is much smaller for the ethamgnonia complex. In
general, the increase in the hydrogen-bond strength upon fluoro substitution of the proton donor qualitatively
parallels an increase in the acidity of the donor. We find that the strength of even the most weakly bound
systems (i.e., those with $pand sp-hybridized proton donors) can be made comparable to, or larger than,
that of the acetyleneammonia complex through electronegative (fluoro) substitution.

Introduction It has been recognized that electronegative substitution
) ) . strengthens €H---X hydrogen bond$:* Recent theoretical
_ The classical picture of a hydrogen bond involves the stydies have examined the effects of electronegative substi-
interaction between an electronegative atom that has at leastytents, such as F, NONH,, and OH, on the complexes
one lone pair of nonbonding electrons and a hydrogen atom petween methane (or sometimes ethane) and oxygen-containing
that is covalently bound to another (highly) electronegative acceptors, the most popular acceptor being Watéheoretical
atom!~2 This definition restricts the _formation of hydrogen investigations have also examined the complexes formed
bonds to systems such as the water dimer ahtt+HCI. More between a series of chloromethanes and HF or ¥@l.very
modern definitiond allow other types of donor and acceptor  recent study has examined the interactions between fluorinated-
groups, including weak donors such asi@, P—H and As—H methanes and N&ICHsNH, and CHNH.15 These studies have
bonds, or weak acceptors, such as #heloud of a benzene  reyealed that the strength of hydrogen bonds involving weak
rnng. C—H donors is more sensitive to changes in the donor than the
For a long time, it had been disputed whetherKCgroups acceptor groug.1®
can be proton donors3 However, this is now well accepted In the present study, we examine in detail howK:+-N
and a wide variety of €H---X hydrogen bonds have been hydrogen bonds can be made stronger through electronegative
identified1~ It is recognized that the ability of a-€H group substitution. We use fluoro substituents because these would
to participate in a hydrogen bond, and the strength of the be expected to lead to the largest effects and hence make
resulting bond, is related to the hybridization (or acidity) of the identification of trends more straightforward. We focus par-
proton donoi~3 Theoretical studies have shown that the ticularly on how the substituent effect changes with hybridization
C—H-+X (X = NHs, OHy, FH, PH;, SH,, and CIH) hydrogen-  of the proton donor. Complexes between acetylene, ethylene,
bond strength decreases very rapidly in going from sp- #o sp ethane, or methane (the proton donor, Scheme 1) and ammonia
to sp-hybridized carbon atonts> and that the bonds in the last  (the proton acceptor) are initially investigated. Subsequently,
case are generally very frail. each hydrogen atom in the proton donor that is not involved in
Weak hydrogen bonds of the type-@++:N and G-H::-O the G-H-+-N bond is systematically replaced by fluoritfewe
are of particular interest. Intramolecular and intermolecular would hope that the present study might assist in the under-
bonds of this kind are believed to play a role in protein folding, standing of G-H---X hydrogen-bonds in biological systems
the structure of carbohydrates and the binding between somewhere electronegative substituents (though less electronegative
nucleotide (or nucleoside) basen fact, early evidence for  than fluorine) are generally attached to carbon.
C—H---O interactions came from studies of carbohydrates where
the C—H bonds have a tendency to align toward oxygéf
For this reason, both experimental and theoretical research on All results reported in the present study were obtained using
C—H:-+-X hydrogen bonding initially focused on these quite the GAUSSIAN 98,7 MOLPRO 988 or MOLPRO 200@8b

Computational Details

weakly bound G-H---O systems. Subsequent experimental
studies have also identified a diverse range ofHE--N
hydrogen bonds.

packages.
In previous detailed studies of-@H---X hydrogen-bonded
systems, we examined a large variety of methods for determin-
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SCHEME 1: Fluorinated Complexes of
Acetylene—ammonia (I), Ethylene—ammonia (l1),
Ethane—ammonia (Ill) and Methane —ammonia (V)
Considered in the Present Work. Both Staggered (s) and
Eclipsed (e) Orientations about the C--N Bond Have
Been Examined but, unless Otherwise Noted, Only the
Results for the Lower-energy Form Are Reported
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ing the geometries of such compleXg8We found that CCSD-
(T)/6-311+G(3df,2p) and MP2/6-31tG(3df,2p) both perform
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TABLE 1: Binding Energies and BSSE Corrections (kJ
mol~1) Calculated for the Acetylene-Ammonia and
Methane-Ammonia Complexe3d

B3-LYP® CCSD(Tp¢ CCSD(T)(fcpd G3(MP2,CCSDH
Acetylene-Ammonia complex

D 13.0 16.1 16.1 16.0

BSSE 0.4 2.0 1.7 2.6

Dl 12.6 14.1 14.4 13.4
Methane-Ammonia complex

D¢ 1.2 3.2 33 33

BSSE 0.2 0.6 0.6 0.8

D¢d 11 2.6 2.8 25

a All single-point calculations performed on B3-LYP/6-31G&(3df,2p)
geometries? Calculations performed with the 6-33G(3df,2p) basis
set.© All electrons correlated! Only valence electrons correlatedlhe
G3(MP2,CCSD) BSSE is evaluated for each step in the composite
procedure. See Reference 27 for more detaBinding energy without
BSSE correctiond Binding energy including BSSE correction.

acetylene-ammonia and methar@mmonia complexes (Table
1). It is clear in the first place that neglecting core electrons in
the CCSD(T) calculation (CCSD(T)(fc)) does not significantly
affect the binding energy. Although this modification reduces
the computation time, such calculations are still too large for

well. However, because of computational expense, the formersome of our systems (e.g., the pentafluoroethammonia

is restricted to small systems and the latter to medium-sized complex). A practically more useful alternative to CCSD(T)/
systems. For larger systems, density functional theory (DFT) 6-311+G(3df,2p) is the G3(MP2,CCSD) formalisth. This
methods, such as B3-LYP, are more readily applicable. Although method combines results obtained from CCSD(T)/6-31G(d) and

some reservations have been expres®eDFT has been
successfully used to study hydrogen-bonded complei&s.22

In our previous work on €H---X complexes, we found that

MP2/6-31G(d) calculations with large-basis-set MP2 calcula-
tions to effectively approximate a large-basis-set CCSD(T)
result. Raw binding energieB§) calculated for the acetylere

B3-LYP/6-31H-G(3df,2p) generally produces geometries in ammonia and methar@mmonia complexes with G3(MP2,-

reasonable agreement with MP2/6-34G(3df,2p)* The

CCSDY* are in good agreement with the complete CCSD(T)/

r(H---X) and r(C-:-X) geometrical parameters vary to the 6-31HG(3df,2p) calculations (Table 1) and represent a significant
greatest extent and tend to be overestimated with B3-LYP, with improvement over B3-LYP/6-3HG(3df,2p).

the largest deviations occurring for the weakest complexes (i.e.,

All binding energies were corrected by subtracting the basis

De < 1 kJ molt). However, the differences in binding energies  set superposition error (BSSE) calculated according to the Boys
obtained from high-level single-point calculations (i.e., _CCSD- and Bernardi counterpoise meth#dThe general importance
(T)/6-3114G(3df,2p)) on the B3-LYP and MP2 geometries are of including this correction has been well-documented in the

small.

literature241926The G3(MP2,CCSD) BSSE (Table 1) is evalu-

In the present study, we have chosen to obtain optimized ated at each step in the G3(MP2,CCSD) composite procedure,

geometries at the B3-LYP/6-3315(3df,2p) level. We previ-

and the results combined according to the same forma&fism.

ously found this procedure to perform reasonably well for the The final G3(MP2,CCSD) BSSE and BSSE-corrected binding
complexes between ammonia and acetylene, ethylene, ethanegnergies De) are in good agreement with those obtained from
and methanéFor the ethaneammonia and methar@mmonia complete CCSD(T)/6-3HG(3df,2p) calculations (Table 1).
complexes, the weakest complexes in the present study, the B3Once again, the G3(MP2,CCSD) results are superior to B3-
LYP and MP2 intermolecular(H-:-N) andr(C---N) distances LYP/6-3114+G(3df,2p) and are recommended if such calcula-
differ by less than 10%. On the basis of our previous work, we tions are computationally feasible.
would expect B3-LYP to perform even better for the remaining  Binding energiest K (D,) were obtained by adding a scaled
systems investigated in the present study. zero-point vibrational energy (ZPVE) .. Scale factors for
The importance of high-level calculations when studying the the B3-LYP/6-31%#G(3df,2p) ZPVE of the monomers and
binding energies of weakly bound complexes has been empha-complexes were obtained as described in detail in previous
sized numerous timésPreviously, we have used CCSD(T)/6- work41° The reference ZPVEs for ammonia, ethylene, and
311+G(3df,2p) single-point calculations (with all electrons methane were obtained from spectroscopic constémtsereas
correlated) to evaluate accurate binding enerji@slowever, those for ethane and the fluoro-substituted hydrocarbons were
due to the computational resources required for this proceduretaken from B3-LYP/cc-pVTZ harmonic frequency calculations
and the size of the systems investigated in the present work, ausing a scale factor of 0.9888 Unless otherwise noted, all
computationally less demanding method is necessary. Althoughbinding energies in the text refer to G3(MP2,CCSD) values,
B3-LYP/6-31H-G(3df,2p) single-point calculations have been with zero-point vibrational energies obtained as described
recommended for large, hydrogen-bonded systéme, believe above?*
that higher-level ab initio calculations would be preferable for ~ We examined both staggered and eclipsed conformations
our (intermediate-sized) systems (Scheme 1). Therefore, we seelabout the &N bond for all complexes (where applicable). Our
a middle ground between the accuracy obtained from CCSD- previous high-level calculations found that such alternative
(T) calculations (with all electrons correlated) and B3-LYP.  conformations generally have very similar binding enerdies.
To benchmark alternative methods for single-point calcula- Therefore, in the discussion that follows, we generally consider
tions, we have initially investigated the binding energy of the only the lowest-energy conformer for each complex and focus,
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for the most part, on the(H-+*N) andr(C---N) distances and ~ TABLE 2: Selected Structural Parameters (A} and Binding
the O(C—H---N) angle. However, full geometrical details are Energies (kJ mol)° for Acetylene and Fluoroacetylene
provided in the Supporting Information in the form of GAUSS- '\Sﬂgﬁé’anrls) and Their Complexes with Ammonia (See I,
IAN 98 archive entries (Tables S1 to S3). Total energies, BSSE

corrections and ZPVEs are also available in the Supporting X

symmetry r(C=C) r(C—H) r(H-N) r(C-+:N) Do? ADg

Information (Tables S4 to S7). monomer
H Dooh 1.196 1.062
. . F Coop 1.191 1.061
Results and Discussion
. Lo dimer
Gen_eral Comments on the Geometries and Bln_dlng H Cs, 1198 1072 2308 3380 86 00
Energies of the Complexesin general, the changes in the F Ca, 1193 1.071 2284 3355 98 1.2

eometry of the proton donor upon complex formation are small. .
9 'y P P P aGeometries calculated

The Iarggst changes upon complexation with ammonia involve b Calculated with a modified G3(MP2,CCSD) technique which uses
lengthening of the acetylene=& and C-H bonds by up 0 pB3.| YP/6-311+G(3df,2p) geometries and scaled zero-point vibrational
0.003 and 0.010 A, respectively. In general, changes ac-energiest AD, is the binding energy calculated relative to that of the
companying complexation in the ethylene derivatives are smaller acetylene-ammonia dimer.
than changes in the acetylene derivatives, and they are generally
smaller still for the derivatives of ethane and methane. This extremely flat. This is most evident for very weakly bound
trend is observed even for the sequence of perfluorinated systems where we find that the binding energy is very insensitive
derivatives for which the hydrogen-bond strength increases in to the hydrogen-bond length and to deviations of the hydrogen-
going from the monofluoroacetylene to the trifluoroethylene to bond angle from linearity. The insensitivity of the binding
the pentafluoroethane complex. energy to modest changes in the hydrogen-bond length and angle
The hydrogen-bond anglesl(C—H-++N)) in the complexes  has been reported in previous theoretical studies of complexes
of ammonia with substitued ethanes and ethylenes are close tdetween fluoro-substituted methanes and vidfer ammonia>
linear, with the deviation in most complexes being less than In more strongly bound complexes, such as HCGNH3, the
5°. The hydrogen-bond angles in thefluoroethylene-am- B3-LYP, and G3(MP2,CCSD) surfaces have greater curvature.
monia complex, as well as the difluoromethaenmonia The most important conclusion from our search of the potential
complex, deviate more significantly from linearity (each by energy surfaces for these systems is that the binding energies
9.1°). We attribute the larger deviations of the—@&---N reported in our study will be only slightly, if at all, affected by
hydrogen bonds from linearity to weak:-+—N interactions. moderate changes in the geometry of the complex.
These are discussed in more detail below. We note that all systems in our study exhibit a stabilizing
The C—H bonds involved in the €H---N interaction effect upon complexation (i.ed, > 0). BSSE corrections have
generally either remain unchanged or lengthen slightly (by up previously been found to potentially contribute up to 40% of
to 0.01 A) upon complexation. However, the—8& bond the raw complexation energy in weakly bound systérige
contractsin complexes between ammonia and ethane (by 0.0006 also find a large contribution of the BSSE to the binding energy
A), o-fluoroethane (by 0.0012 A)q,a-difluoroethane (by  for our present systems. Additionally, we find that the magnitude
0.0004 A),a.,5-difluoroethane with %; and X31 = F (by 0.0004 of the BSSE increases with the number of fluoro substituents
A), fluoromethane (by 0.0005 A) and difluoromethane (by (see Supporting Information).
0.0003 A). Despite the fact that these are small changes, The remainder of this paper focuses primarily on the binding
contraction of the C-H bond in the proton donor upon energies for complexes between fluoro-substitutedH@lonors
complexation is interesting since hydrogen bonding is normally and ammonia. Our main goal is to examine the effects of
associated with elongation of this bond. Furthermore, we note electronegative substitution on the binding energy and to try to
that C-H bond contraction upon binding is accompanied by a understand how these effects change with the substitution site

at the B3-LYP/6-31G(3df,2p) level.

small (less than 219 cnT?) increasein the C-H stretching

frequency for these complexes. This is contrary to the decreasediscussion  will

in the C—H stretching frequency typically observed for hydrogen-
bonded systems. For example, a decrease in thid &retching
frequency of 107 cmt is calculated at the same level of theory
for the acetyleneammonia complex. Similar contractions of
bonds and increases in the-@ stretching frequencies have
been reported previously for systems involvingi8---O and
C—H---x interactions}?°and the interactions were termed anti-
hydrogen bond%’ However, the interactions between fluorinated
methanes and either water ammoni&® were found to replicate

and the hybridization or acidity of the €H group. Our
begin with the most strongly bound
(C(sp)-H--N) complexes.

Acetylene and Fluoroacetylene as the Proton Donor.
Several experimental studies have investigated how the proton-
donating ability of an sp-hybridized-€H group is affected by
electronegative substitutidfhin the present study, the G3(MP2,-
CCSD) binding energy of the acetyler@mmonia complex was
calculated to be 8.6 kJ midl (Table 2), in good agreement with
the best estimate from our previous high-level theoretical studies
(9.3 kJ moi1)*19 and the experimental upper bound (11.7 kJ

many of the properties of more conventional hydrogen bonds, mol~1).32 The fluoro substituent reduces thi¢H---N) and

despite CG-H bond contraction, and the term blue-shifting
hydrogen bond® may be more appropriate. More recent

r(C---N) distances by 0.024 and 0.025 A, respectively, from
the values in the acetylerammonia complex. Accordingly,

calculations of NMR chemical shieldings show some differences the binding energy is increased by 1.2 kJ molThus, fluoro
between the behavior of these weakly bound systems and thoseubstitution in the beta position of an sp-hybridizedtCproton

containing conventional hydrogen bonditg.

donor has a small strengthening effect on theH=--N hydrogen

It is known that equilibrium structures of hydrogen-bonded bond.
complexes reside in wells much shallower than those of standard Ethylene and Its Fluoro-Substituted Derivatives as the

molecules Indeed, the B3-LYP/6-3HG(3df,2p) and G3-
(MP2,CCSD) potential-energy surfaces in the vicinity of the

Proton Donor. The G3(MP2,CCSD) binding energy of the
ethylene-ammonia complex is calculated to be 1.7 kJ Mol

minimum energy complexes examined in the present study are(Table 3), which reflects the much smaller tendency of & sp
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TABLE 3: Selected Structural Parameters (A} and Binding
Energies (kJ mol1)P for Ethylene and Fluorinated Ethylene
Monomers and Their Complexes with Ammoni& (See I,
Scheme 1)

Xa1 Xp1 Xg2 symmetryr(C—H) r(H+-*N) r(C-+*N) O(C—H--*N) D> AD

monomer
H H H Dy 1.083
F H H G 1.081
H F H G 1.080
H H F G 1.079
H F F Gy 1.077
F F H Cxn 1.080
F H F Cy 1.079
F F F G 1.077

dimer
H H H GCs(s) 1.084 2.740 3.824 179.2 1.7 0.0
F H H C(s) 1.083 2.493 3.567 170.9 6.3 4.6
H F H C(e 1.083 2592 3.673 176.1 42 25
H H F GC(s) 1.082 2.611 3.692 178.8 4.4 2.7
H F F Gf(e 1.081 2516 3.597 178.6 6.1 4.4
F F H GCf(e) 1.084 2409 3.493 179.2 8.1 6.4
F H F G(s) 1.083 2435 3517 177.5 8.6 6.9
F F F G(s) 1.082 2.371  3.453 1775 10.1 8.4

aGeometries calculated at the B3-LYP/6-31G(3df,2p) level.
b Calculated with a modified G3(MP2,CCSD) technique which uses
B3-LYP/6-31HG(3df,2p) geometries and scaled zero-point vibrational
energies® Eclipsed (e) and staggered (s) configurations about tkéC
bond.?¢ AD, is the binding energy calculated relative to that of the
unsubstituted ethylereammonia dimer.

hybridized C-H group to participate in a hydrogen bond
compared with an sp-hybridized-@ group, and compares
reasonably with our previous high-level theoretical estimate of
2.1 kJ mot1.4 Substitution of hydrogen by fluorine at the alpha
position in ethylene (¥, Scheme 1) leads to a decrease in the
hydrogen-bond length by 0.247 A and tH€-+-N) distance by
0.257 A. The corresponding increasel) is 4.6 kJ mot™.
Replacing the hydrogen in either beta position(6r Xg?)
results in a smaller increase in the binding energy of only-2.5
2.7 kJ mofL.

Difluoro substitution leads to a further increase in the binding
energy and a further shortening of th@gd---N) andr(C---N)
distances in the corresponding complex with ammonia. If only
the beta positions are occupied by fluorine, then the binding
energy increases by 4.4 kJ mélwith respect to ethylene as
the proton donor. Alternatively, if fluorine resides in the alpha
position and either beta position, thBg increases by 6:46.9
kJ molL. Trifluoro substitution in ethylene leads to an increase
in the binding energy of 8.4 kJ ntdl. Correspondingly, the
intermolecularr(H---N) and r(C---N) distances decrease by
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is 1.5 times greater than the effect of a fluorine in a beta position
and the effects ofo,S-difluorosubstitution are now nearly
additive.

The effects of substitution at the beta position on the
hydrogen-bond strength involving arfdpybridized G-H donor
are approximately double those for an sp-hybridizedHC
donor. Although the effect of trifluoro substitution (8.4 kJ mil
is slightly less than the sum of the individual effects of
monosubstitution (% = 4.6; X1 = 2.5; Xgo = 2.7 kJ mot'%;
total = 9.8 kJ mof?), the binding energy of the trifluoroeth-
ylene—ammonia complex is 1.5 kJ mdl greater than that
calculated for the acetyler@mmonia complex. A bond strength
comparable to that of the acetylen@mmonia complex can be
achieved through,s-disubstitution by fluorine, with substitution
at the beta position anti to the hydrogen bondfXThus,
although the €H---N hydrogen-bond strength decreases very
rapidly in going from sp- to sphybridized carbon atoms,
appropriate electronegative substitution id-Bpbridized donors
can result in hydrogen bonds as strong as, or stronger than, those
involving sp-hybridized donors.

Ethane and Its Fluoro-Substituted Derivatives as the
Proton Donor. The G3(MP2,CCSD) binding energy for the
ethane-ammonia complex is only 0.5 kJ md| reflecting the
weak propensity of an $ghybridized G-H bond to partake in
a hydrogen bond, although a positive attraction does exist. We
recently calculated a binding energy of 1.0 kJ mcat the
CCSD(T)/6-313-G(3df,2p) level Mono-o-fluoro substitution
increases the binding energy of the ethaaenmonia complex
by 3.6 kJ mofl. We note that there is a slight variation in the
calculated binding energy depending on whether theoX Xs,

(or equivalently %3) position (Scheme 1) is occupied by fluorine
in the ethaneammonia complex. Substitution at the position
anti to the hydrogen bond @X) leads to a stronger hydrogen
bond (O, = 3.6 kJ mot) than replacement atpX (D, = 3.3

kJ molh). This trend may be attributed to the weakened (longer)
C—H bond located anti with respect to fluorine (i.e.gXin

the monomer of the proton donor.

Interestingly, mongs-fluoro substitution in ethane results in
only a slightly smaller increase D, (2.8—3.1 kJ mot?) than
mono--fluoro substitution (3.6 kJ mol). We noted a larger
difference in the corresponding effects for the ethytene
ammonia complex, though part of this was attributed to F
H—N bonding. The magnitude of the increase Dy with
a-fluoro substitution in ethane is slightly less than the increase
for ethylene, while the effect ¢i-fluoro substitution is slightly
greater.

0.369 and 0.371 A, respectively, relative to the unsubstituted The effect of each additional electronegative substituent at a

complex.
Our results indicate that the effect of a fluorine atom in an

particular position is smaller than the effect of the first
substituent at the same position. Thus, the replacement of one
alpha hydrogen with fluorine increases the binding energy by

alpha position on the binding energy is nearly two times greater 5 g k3 mot® while further substitution at the second alpha

than the effect of a fluorine atom in a beta position for af sp
hybridized C-H donor. Furthermore, the effects af,3-
difluorosubstitution are slightly less than the sum of the
individual effects of monosubstitution. We note, however, that
the hydrogen-bond angle in the-fluoroethylene-ammonia
complex deviates significantly from linearity relative to the angle
in other complexes due to additional weak-H—N interactions.

If the hydrogen-bond angle in thefluoroethylene-ammonia

position leads to a slightly smaller increase (3.1 kJ THol
Similarly, replacement of hydrogen agXincrease®, by 2.8

kJ mol?, while further substitutions at § and X3, increase

D, by an additional 1.8 kJ mol for each substitution. However,

if fluorine occupies both alpha and beta positions, then the
increase irD, depends on the substitution pattern. For example,
the increase i, is slightly greater than the sum of the increases
for the individual alpha and beta substitutions égf-difluoro

complex is constrained to be linear, then the binding energy is (by 0.3 kJ mot?) and pentafluoro (by 0.2 kJ mol) substitu-

decreased to 5.7 kJ mdland the corresponding increase in
D, relative to the ethyleneammonia complex is 4.0 kJ mdl
Thus, if the benefits of the additionat‘FH—N interactions are
removed, then the effect of a fluorine atom in an alpha position

tions, but the effect o, is less than the sum of the individual
effects for o, 0,B-trifluoro (by 0.6 kJ mofh) and a,0.3,3-

tetrafluoro (by 0.7 kJ moft) substitutions.

The binding energies calculated for the ethaaexmonia
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complex with various degrees of fluoro substitution at the donor TABLE 4: Selected Structural Parameters (Ay and Binding
provide valuable insight into the design of strongeri&--N Energies (kJ mol™)® for Ethane and Fluorinated Ethane and
hydrogen bonds involving $pcarbon atoms. The hydrogen- Their Complexes with Ammonief (See Ill, Scheme 1)

bond strength for the ethar@ammonia complex (0.5 kJ mol)

can be increased beyond the strength of the ethylanemonia
complex (1.7 kJ mott) through mono-fluoro substitution, even monomer

r r r O
Xoa Xaz Xp1 X2 Xz symmetry(C—H) (H-+-N) (C-+-N) (C—H-+-N) D> AD¢

at the beta positionD, ~ 3—4 kJ mol?). o,a-difluoro ? ﬂ ﬂ ﬂ : g:" i:ggi
substitution in the ethanreammonia complex resultsinabond H H H F H C 1.090
strength (7.2 kJ molt) almost as large as that of the acetylene HHFHH G 1.092
ammonia complex (8.6 kJ mol), while a,o,8-trifluoro sub- Hon e P gs i'ggg
stitution leads to a binding energy (9.4 kJ m9lslightly larger F FHHH Ci 1.092
than that of the acetylereammonia complex. Thus, HHFFF G 1.087
C(sp’)-H:-*N hydrogen-bond strengths equivalent to those F F H F H C 1.091
involving sp- or sp-hybridized carbon atoms can be achieved IF: E ﬁ T: IF: CQ?'“ 1'821

through suitable electronegative substitution at the proton donor. dimer

Methane and Its Fluoro-Substituted Derivatives as the HHHHH GC(s) 1091 3076 4166 1790 05 0.0
Proton Donor. The C-H---N hydrogen bond with methane FoH HHH G() 1090 2684 3773 1770 41 36

: . ) HHHFH C() 1090 2773 3860 1750 3.3 28
acting as the proton donor is perhaps the best studied of weaky H F W H Ci(e) 1002 2796 3887 1772 36 3.1
C—H---X bonds?3 In fact, some of the first evidence forthe H H H F F Ci(s) 1.090 2613 3702 1758 51 4.6
participation of G-H groups in hydrogen bonds came from E ? E E : gl((sg i-ggi g-%g g-ggg ggg ;g g-g

H . 1(€e . . . . . .
studles_of the complexes_between sub_stltuted methanes and, \, ¢ ¢ Cile) 1090 2542 3632 1794 69 64
ammonig2® An early theoretical study predicted that4EFcould F FHFH C(e 1092 2414 3505 1789 9.4 89
be a proton donor to N&P® This was later verified by an F F HF F C(e) 1093 2343 3436 1790 11.110.6
experimental stud§* which speculated that the strength of this F F F F F C(e) 1.094 2308 3.401 1770 13.9 134

hydrogen bond is nearly equal to that in the acetylearamonia aGeometries calculated at the B3-LYP/6-31G(3df,2p) level.
complex. Since these investigations, many theoretical studies® Calculated with a modified G3(MP2,CCSD) technique which uses
have appeared which examined the strength of the bond formedB3-LYP/6-31H-G(3df,2p) geometries and scaled zero-point vibrational

between methanes, substituted usually by eith&dEIF 8-10.12 energies® Eclipsed (e) and staggered (s) configurations about théC

T bond.? AD, is the binding energy calculated relative to that of the
and oxygen-containing acceptors (such as water, methanol, or

) & Do unsubstituted ethareammonia dimer.
formaldehyde). The binding energies in complexes between
chloromethanes and HF or HCI have also been investigated.
More recently, the ability of ammonia to act as a proton acceptor
in a C—H--*N interactior>3%and the effects of changes to the acceptor).
accept{ﬂf‘5 and .electroneganve substl.tutlon in the ddfian Upon systematic replacement of hydrogen by fluorine in
these interactions have been studied. To complement themethane, the(H-+-N) andr(C-+-N) distances shorten. The-&i
examination of our other systems, we have also investigatedbond in the proton donor involved in the-Gi--+N interaction
the effects of systematic replacement of hydrogen with fluorine -,iracts upon complex formation between ammonia and

in the methaneammonia complex. monofluoromethane or difluoromethane but lengthens in the
Interestingly, the only minimum located on the potential trifluoromethane-ammonia complex. These results suggest that
energy surface for the fluoromethan@mmonia complex with  trifluoro substitution leads to-€H-++X interactions that are more
C—H--:N interactions also possesses-H—N interactions,  similar to conventional hydrogen bonds, presumably because
despite the fact that fluorine in organic molecules is only a weak of the associated increase in the binding energy.
hydrogen-bond accepfdrand, therefore, has a significantly bent The binding energi,, which includes both BSSE and ZPVE
C—H--:N angle (121.7). To focus on structures displaying  corrections, is calculated to be 0.5 kJ miolor the methane
predominantly G-H-++N interactions, we constrain the hydrogen- ammonia complex, the same as that calculated for the ethane
bond angle in the fluoromethar@ammonia complex to be  ammonia complex. The binding energy increases by approxi-
180°.%8 This restriction has been previously employed in mately 3.5 kJ mol? for both the first and second substituticis.
computational studies of complexes between substituted meth-This contrasts with the situation for the corresponding-
anes and wat&ior ammoniat® We find that the changes in the  disubstituted ethareammonia complex, where the effect
binding energy of the difluoromethar@mmonia complex, as  decreases with increasing substitution. Replacing the final
well asD, for the substituted-ethyler@ammonia and substituted-  hydrogen by fluorine increasds, to a greater extent (4.8 kJ
ethane-ammonia complexes, are negligible when the constraint mol~1) than the first two substitutions, which leads to a
of a linear hydrogen bond is imposed on these systems. Morehydrogen-bond strength of 12.2 kJ mblThus, the net increase
specifically, the binding energy for the difluoromethane in D, for the trifluoromethaneammonia complex relative to
ammonia complex changes by only 0.1 kJ moWwhen the the methaneammonia complex (11.7 kJ md) is slightly
C—H---N hydrogen bond is constrained to be linear. For the greater than the sum of the individual effects of three fluorines
series of complexes between ammonia and substituted ethane§.e., roughly 10.5 kJ mol).
and ethylenes, we find a mean absolute deviation of 0.2 kJ'mol TheD, values calculated for the complexes between ammonia
between the total binding energip{) of the true minima that and methane or ethane are similar. The binding energies of these
we discuss in the present study (Tables 3 and 4) andthe complexes reflect the very weak tendency fof-Bpbridized
obtained from geometries with constrained linear hydrogen C—H groups to participate in hydrogen bonding, as well as the
bonds. We note that examination of the constrained linear negligible effects of a relatively inert substituent (§tén Do,
C—H--+N form of the fluoromethaneammonia complex ex-  as noted in a previous studyThe very small influence of the
tends the applicability of our study to the understanding of methyl group is further supported by the similar changes in the

C—H---N hydrogen bonds in cases where-H—N interactions
are not possible (for example, when trimethylamine is the proton
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TABLE 5: Selected Structural Parameters (A} and Binding
Energies (kJ mol1)° for Methane and Fluorinated Methane
Monomers and Their Complexes with Ammoni& (See 1V,
Scheme 1)

symmetry r(C—H) r(H:+*N) r(C:+*N) O(C—H-**N) Do ADd

monomer
HHH Tq4 1.088

FHH Cs 1.089

FFH Cy 1.090

FFF Cs 1.089

dimer

HHH Cs 1.089 2970 4.059 180.0 0.5 0.0
FHH Ci(e) 1.089 2.656 3.745 186.0 39 34
FFH Ci(e) 1.090 2472 3.562 170.9 75 7.0
FFF Cs(e 1091 2326 3.417 180.0 12.2 11.7

aGeometries calculated at the B3-LYP/6-31G(3df,2p) level.
b Calculated with a modified G3(MP2,CCSD) technique which uses
B3-LYP/6-31H-G(3df,2p) geometries and scaled zero-point vibrational
energies® The geometries of the complex between ammonia and
fluoromethane was obtained with the restriction of a linear hydrogen
bond.? The binding energy calculated relative to that of the unsubsti-
tuted methaneammonia dimer.

hydrogen-bond length and binding energy upon fluoro-substitu-
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systems from GZ and G332 calculations. For simplicity, we
will restrict our subsequent discussion to our calculated 0 K
gas-phase acidities.

We calculate that #-fluoro substituent increases the gas-
phase acidity of acetylene by 19.9 kJ mo}3-fluoro subsitution
has a larger effect on the acidity of ethylene, where the acidity
increases by 60.6 or 66.3 kJ mébepending on the substitution
site. The effect ofx-substitution in ethylene is slightly greater
than-substitution (by 5.711.4 kJ mot?). Successive fluoro
substitution in ethylene leads to decreasing effects. For example,
onea-fluoro substituent increases the acidity of ethylene by 72
kJ mol~1, an additional3-fluoro substituent leads to a further
increase of roughly 36 kJ mol, whereas a secongHfluoro
substituent leads to an increase in the acidity of only 24 kJ
mol~1.

The calculation of the acidities of fluorinated ethanes is
complicated by the fact that several of the substituted anions
are unstable. In particular, substituted ethyl anions with one or
two beta fluorines in combination with one or less alpha
fluorines dissociate into a fluoride anion and the relevant
(substituted) ethylene. Anions containing three beta fluorines,
two alpha fluorines or only alpha fluorines are stable with

tion of methane and ethane in the complexes with ammonia. It respect to the loss of a fluoride anion. This dissociation has

is interesting that the binding energy in the trifluoromethane
ammonia complex is 1.6 kJ mdl smaller than the binding
energy in the pentafluoroethanammonia complex, indicating
that the Ck substituent has a larger effect than the (third) fluoro
substituent. The larger effect oB, of a CF substituent

been previously noted in the literatut®e* To handle this
difficulty, for the monog-fluoroethyl, 3,5-difluoroethyl ando,3-
difluoroethyl anions, we have estimated the energy of the anion
as the sum of the energies of the fully separated products, i.e.,
F~ plus the appropriate substituted ethylene. However, it is not

compared with a fluoro substituent can also be seen by clear whether this leads to meaningful estimates of the acidities.

comparing the binding energies of the complexes between

ammonia and monofluoromethane (3.9 kJ mpand thes,3,53-
trifluoro-substituted ethane (6.9 kJ mé).

Mono-a-fluoro substitution increases the acidity of ethane
(35.5 kJ mot1) much less than ethylene (72.0 kJ m9l A
seconda-substitutent raises the acidity of ethane by a greater

There has been speculation that the interactions betweengmount (53.6 kJ mof) than the first substituent. In contrast to

ammonia and C§H or HC=CH are simila#*#°Our calculations
predict that the strength of the fF--NH3 hydrogen bond (12.2
kJ mol?l) actually exceeds the strength of the acetylene
ammonia hydrogen bond (8.6 kJ mél. Even the difluo-
romethane-ammonia complex has a binding energy (7.4 kJ
mol~1) close to that of the acetyler@mmonia complex.

The Effect of Electronegative Substitution on the Acidity
of the Proton Donor. It has been noted previously that both
the hydrogen-bond strength and the acidity of aHCproton
donor increase as the hybridization of the donor goes from sp
< sp? < spl~® ltis therefore of interest to investigate first how
electronegative substitution affects the acidity of the proton

donor, and second how the increase in the hydrogen-bond
strength upon electronegative substitution relates, if at all, to

changes in the acidity of the proton donor.

Gas-phase acidities at 0 and 298 K (Table 6) were calculated

at the G3(MP2,CCSDBY level as the enthalpy change in the
reaction:

HA—H"+ A~

the effects calculated for ethylerefluoro substitution in ethane
results in a much smaller increase in the acidity tfdtuoro
substitution. The calculated effect of electronegative substitution
at the beta position is erratic, which is perhaps associated with
the noted difficulties (because of Hoss) in calculating the
acidities for some of these species. Among the well-behaved
systems, we note that the acidity of ethane is increased by 191.7
kJ mofl~t through pentafluoro substitution, which is smaller than
the sum of the effects of5,s,s-trifluoro and a,o-difluoro
substitution (225.8 kJ mok).

The acidity of methane is calculated to increase by 28.0 kJ
mol~1 upon monofluoro subsitution. We calculate that a second
fluorine increases the acidity by a further 47.8 kJ Mand a
third fluorine leads to an increase by an additional 80.8 kJ#nol
Previous theoretical studié3#>“¢have also reported that the
acidity of methane increases to a greater degree with successive
electronegative substitution.

The Correlation Between Hydrogen-Bond Strength and
the Acidity of the Proton Donor. In the previous section, we
discussed changes in the acidity of acetylene, ethylene, ethane,

A decrease in the enthalpy change corresponds to an increas@nd methane that accompany successive fluoro substitution. In

in the HA acidity. Experimentally determined acidities obtained the present section, we consider how these changes relate to
from a variety of methods, and under different conditions, are changes in the hydrogen-bond strength in the corresponding
also included in Table 6 The reliability of some of the =~ complexes with ammonia.

experimental numbers is uncertain and is reflected in the large In general, we find that the greater the increase in the acidity
quoted error bars. In most cases, there is reasonable agreemermif the proton donor upon electronegative substitution, the greater
between our calculated values and the experimental data.the increase in the hydrogen-bond strength in the complex with
However, our results suggest that reexamination of the experi-ammonia. Therefore, the majority of the changes in the
mental acidities for trifluoroethylene and difluoromethane would hydrogen-bond strength of the ammonia complexes upon
be in order. Our calculated acidities are in close agreement with successive substitution in the proton donors can be explained
previously reported results obtained for some of the presentby alterations to the acidity of the donor. For example,
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TABLE 6: Calculated Gas-Phase Acidities (kJ mot1)¥for Acetylene, Ethylene, Ethane, Methane and Their Fluorinated

Counterparts (see Scheme %)

Wetmore et al.

acidity (0 K) AAcidity® (0 K) acidity (298 K) experimenit

Acetylene
X
H 1574.9 0.0 1581.0 158162.9,1589.14+- 2.1

1576+ 8.8

F 1555.0 19.9 1561.1 < 1540+ 79

Ethylene
Xt Xp1 Xp2
H H H 1703.0 0.0 1709.1 17128 2.5, 1703+ 13

1705+ 8.4, 1699+ 8.4
F H H 1631.0 72.0 1637.4 1618 17
H F H 1642.4 60.6 1648.6
H H F 1636.7 66.3 1643.3
F F H 1595.4 107.6 1601.8
F H F 1595.2 107.8 1601.7
H F F 1611.9 91.0 1618.2
F F F 1571.2 131.7 1577.7 163024
Ethane

Xoa X2 Xp1 Xp2 Xp3
H H H H H 1750.3 0.0 1756.7 1758 8.4, 1761+ 8.4
F H H H H 1714.8 355 1721.2
H H H F H 1598.9 151.¢ 1602.5
H H F H H 1598.5 151.8 1602.5
H H H F F 1636.6 114.3 1639.6
F H F H H 1581.8 168.7 1585.2
F F H H H 1661.2 89.1 1667.8
H H F F F 1613.6 136.7 1620.6
F F H F H 1621.0 129.3 1627.6
F F H F F 1586.0 164.2 1580.1
F F F F F 1558.6 191.7 1565.1 156714

Methane
X1 X2 X3
H H H 1742.1 0.0 1748.4 17435 3.3, 1749+ 15
F H H 1714.0 28.0 1720.4 171t 17
F F H 1666.2 75.8 1672.9 162815
F F F 1585.5 156.6 1591.7 15%478.8, 1573+ 19

a A modified G3(MP2,CCSD) technique was used which implements B3-LYP/6-&(Bdf,2p) geometries and scaled (0.9806) zero-point
vibrational energy? AAcidity is the relative acidity calculated with respect to the unsubstituted monémedr41. The energy of the anion was
approximated as the sum of the energy of theaRion plus ethylene® The energy of the anion was approximated as the sum of the energy of the
F~ anion plus fluoroethylene.

p-monofluoro substitution increases the hydrogen-bond strength  We also note that even the qualitative trend of increasing
relative to that of the complex between the unsubstituted donor hydrogen-bond strength with increasing acidity of the proton
and ammonia in the order acetylene (1.2 kJ THok ethylene donor is not always satisfied, though there are possible im-
(2.5-2.7 kJ mof?) < ethane (2.83.1 kJ mof?), while the mediate explanations for such deviations. For example, for the
acidity of the donor is also increased according to acetylene series of ethylene derivatives, the hydrogen-bond strengths of
(19.9 kJ mot?) < ethylene (60.666.3 kJ mot?) < ethane the complexes between ammonia anéluoroethylene o, -
(151.8 kJ mot?). Similarly, the greater effect ofx- vs difluoroethylene do not parallel the acidities of the proton donor.
S-monofluoro substitution in ethylene;-monofluoro substitu- However, this discrepancy disappears when the additional
tion in ethane vs ethylene, and the effect of a fluoro vs @ CF F---H—N interaction in thex-fluoroethylene-ammonia complex
substituent show parallel behavior for the acidities and hydrogen-is prevented from contributing to the binding energy, since a
bond strengths. fixed linear hydrogen bond decreases the binding energy of the
We note, however, that there are instances where thea-fluoroethylene-ammonia complex to 5.7 kJ mdl As
qualitative correlation between an increase in the donor acidity another example, the correlation betwé®yand the acidity of
and an increase in the hydrogen-bond strength of the corre-the proton donor is erratic for the ethane systems, especially
sponding complex with ammonia does not reflect the full picture. when comparingt- andS-substitutions. However, this is likely
For example, although the effect @ of a-fluoro substitution to be related to difficulties in defining the acidities of some of
is nearly twice that of-fluoro substitution for an Sphybridized the -fluorosubstituted ethanes because of the instability of the
proton donor (Table 3), the increase in the acidity of thetC conjugate bases.
bond due tax-fluoro substitution (72.0 kJ mot) is only slightly We find that an 8-25 kJ mot ! increase in the acidity of the
greater than the increase arising frgérfluoro substitution proton donor upon fluoro substitution correspondsat1 kJ
(60.6-66.3 kJ mot?). Additionally, although the binding energy  mol~tincrease in the binding energy of the associated complex
of the methaneammonia complex increases by a roughly 3.5 with ammonia for most of the systems investigated in our work.
kJ molt increment for each of the first and second fluoro We have not included systems in which the conjugate base
substituents in methane, the acidity increases to a greater extentindergoes fragmentation in this correlation. In general, the larger
with each substitution (by 28.0 kJ malfor the first fluorine ratios are observed when fluoro substitution occurs at a beta
and 47.8 kJ mot! for the second fluorine). position, whereas the smaller ratios correspond to fluoro
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substitution at an alpha position, i.e., alpha substitution translatescrepancies may arise because of difficulties in calculating
more effectively from an increase in acidity to an increase in meaningful acidities due to dissociation of some substituted ethyl

hydrogen-bond strength than does beta substitution. anions.
Our present study complements previous investigations of
Conclusions the effects of electronegative substituents on the binding energy

. . . of complexes by examining the problem systematically, includ-
The present work investigates the effects of electronegative . iderati f the eff f aloh b bstituti
substitution on the strength of-€H---N hydrogen bonds. By Ing a consideration of the effects of alpha vs beta substitution

. . o ) and of the hybridization and acidity of the proton donor. Our
using fluorinated derivatives of acetylene, ethylene, ethane and

methane as proton donors, and ammonia as the proton acce tos'[Udy 's a step toward understanding-i8--X hydrogen
. P ’ > P ccep lbonding in biological systems, where electronegative groups
we estimate how the effects of electronegative substitution

change with hybridization or with acidity of the proton donor. (though less electronegative than fluorine) are often attached

. . - to carbon.
Our calculations show a monotonic progression toward stronger
bonds with successive fluoro substitution in the donor in all
cases.

The effect of fluoro substitution on the strength of a
C—H-:-N hydrogen bond involving an sp-hybridized carbon
atom is small (approximately 1 kJ m@). This minimal effect
is approximately doubled if substitution is considered at the beta
position of an sphybridized carbon atom. Furthermore, for an
sp>-hybridized proton donor, the effect of an alpha fluoro
substitutent is roughly twice that of a beta substituent. Thus,
despite the fact that the binding energy of the ethytene
ammonia complex is small (1.7 kJ m@), it can be increased
to values (8.1-8.6 kJ mof'!) comparable to that calculated for
the acetyleneammonia complex (8.6 kJ midi) by a,S-difluoro
substitution in ethylene.

For ethane, we find that the effect of each additional
electronegative substitution at a particular position is smaller
than the effect of the first substituent. If both the alpha and
beta positions are occupied, then the relative magnitude of the
increase inD, compared with the increases due to individual (1) For a general review of hydrogen bonds, see: Jeffrey, GArA.
substitutions depends on the substitution pattern. Monofluoro- Intreduction to Hydrogen Bondingdxford University Press: New York,
_and dlfluoro-substlt_utlc.)n in methane result in roughly the .Same (2) For reviews of theoretical calculations on hydrogen-bonded systems,
increase in the binding energy of the methaaenmonia see: (a) Scheiner, Slydrogen Bonding: A Theoretical PerspeetiOxford
complex, while trifluoro substitution leads to a larger effect. University Press: New York, 1997. (b) Del Bene, J. EEimcyclopedia of
Negligible effects are observed for substituents such as a methylComputational ChemistnSchieyer, P. V. R., Allinger, N. L., Clark, T.,

that d th t lectronic effect Gasteiger, J., Kollman, P., Schaefer, H. F., lll, Shreiner, P. R., Eds.;
group that ao not have a strong electronic errect. Wiley: Chichester, 1998, p 1263.

Interestingly, the effect of fluoro substituents on the binding (3) For reviews of hydrogen bonding in weakly-bound systems, see:
energy of the hydrogen-bonded complexes increases with respecta) Alkorta, I.; Rozas, I.; Elguero, Lhem. Soc. Re 1998 27, 163. (b)

i At ; ; ; Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bond In Structural
<
to hybridization of the proton donor in a direction (spsp2 Chemistry and BiologyOxford University Press: New York, 1999.

sp’) opp(_)5|te to the propensity of the unsubstituted donor to (4) Hartmann, M.. Wetmore, S. D.: Radom, IL. Phys. Chem. 2001
partake in a hydrogen bond. As a consequenceHE:N 105, 4470 This paper gives an extensive list of references orH&-X
hydrogen-bond strengths equivalent to those involving sp- and hydrogen bonding. -
sp-hybridized proton donors can be obtained through fluorine (5)19%%\/;%(;\/'3;% Novoa, J. J.; Whangbo, M. H.; Williams, J. @hem.
substitution in sphybridized donors. Replacement of any ys. . o )

. : . . (6) For a review of hydrogen bonding in biological systems, see: (a)
hydrogen ‘{‘”th ﬂuo'_'me In th_e donor of the etharemmonia Jeffrey, G. A.; Saenger, WHydrogen Bonding in Biological Structures
complex will result in a binding energy greater than that of the Springer-Verlag: New York, 1994. For a review of-Ei-+-O hydrogen
ethylene-ammonia complex. Furthermore,o.,5-trifluoro sub- bonds in biology, see: (b) Wahl, M. C.; Sundaralingam, Tends in

LT . S . Biochem. Scil1997, 22, 97.
stitution in ethane or trifluoro substitution in methane increases ; ) ) ) .
(7) For example, see: (a) Chekhlov, A. N.; Aksinenko, A. Y.; Pushin,
the strength of the €H---N hydrogen bond to a value larger A N.: Sokolov, V. B.Russ. Chem. Bulll995 44, 1531. (b) Bell, W.;
than that in the acetylerammonia complex. Ferguson, G.; Glidewell, QActa Cryst. C1996 52, 1928. (c) Ciunik, ZJ.

; ; Mol. Struct.1997 437, 173. (d) Ohno, K.; Tonegawa, A.; Yoshida, H.;
For most systems in the present work, we find that a8 2“1\ o] Sfruct 1997 435 219, (e) Mascal, MJ. Chem. Sac

kJ mol* increase in the acidity of the proton donor upon fluoro  chem. commuri1998 303. (f) Kumar, S.; Subramanian, K.; Srinivasan,
substitution corresponds & 1 kJ moftincrease in the binding  R.; Rajagopalan, K.; Steiner, J. Mol. Struct.1998 471, 251. (g) Sharma,

energy of the corresponding complex with ammonia. We also gbl\é'fe}fr't; 'T_O_gﬁfis-ai- EMst_egg';geé- 'BMu!eI\i/?\Z? dg%ﬁ?fgﬂgh%g ;
find that the binding energy of the complex with ammonia is 103 4572. '('i) Mazik, M.: Blaser, D.. Boese, Retrahedron Lett200Q

affected proportionally more than the acidity of the donor when 41, 5827.

fluoro substition occurs at an alpha position compared with a  (8) Gu, Y.L Kar, T.; Scheiner, §. Am. Chem. So¢999 121, 9411.
beta position. In general, the larger the effect on the acidity of (9) Novoa, J. J.; Mota, FChem. Phys. Lettl997 266, 23.

the proton donor of a particular fluoro substitution pattern, the ~ (10) Alkorta, |.; Maluendes, SI. Phys. Cheml995 99, 6457.
greater the strengthening of the hydrogen bond with ammonia.  (11) Turi, L.; Dannenberg, J. J. Phys. Cheml995 99, 639.

Some of the minor deviations in the correlation between acidity 23&2) Alkorta, 1.5 Rozas, I.; Elguero, 3. Fluorine Chem200 101,

and hydrogen-bond energy are associated with additional F (13) Scheiner, S.; Gu, Y.; Kar, T. Mol. Struct. (Theochen200Qq 500,
H—N interactions contributing to the latter, while other dis- 441.
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