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The Six HB Chemical Leitmotifs (CLS)
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Lecture 3. PART 1

Completing the H-Bond Classification: The Chemical Leitmotifs
CSD Classification of the GH...O System
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Histograms of thel(O---O) distances derived from the CSD analysis forttliee CAHB
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CSD Classification of the GH...O System:(-)CAHB

CHART 3.3. HOMONUCLEAR AND HOMOMOLECULAR
O-H...O NEGATIVE CHARGE-ASSISTED HB, (-)CAHB

)
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CSD Classification of the CH..

CHART 3.4. HOMONUCLEAR AND HOMOMOLECULAR
O-H...O POSITIVE CHARGE-ASSISTED HB, (+)CAHB
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(+)CAHBs can be considered H-bonds
formed bytwo R=0 bases that have captured
a protonfrom an external strong acid.

They are essentiallyptermoleculaand, in
the majority of casefiomomolecularThis
Is due to the fact that, when we nwo
different bases A and B in solutigthe two
homomolecular form&A andBB will be
inevitably more stable and easier to
crystallize than the mixed foréB, for
evident reasons of betteKpmatching.



CSD Classification of the CH...

CHART 3.5. HOMONUCLEAR O-H...O DOUBLE CHARGE-ASSISTED HB,
(x)CAHB
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3. WhenApK_ tends to vanisfvery strong and
protoncentredH-bonds develop which could
be represented &Y OMH *[MDY*—R, as
well asR,—#O[IH MDY?*-R, and that, for the
presence of a double charge inside the bond,
have been calledouble chargassisted H
bonds or £)CAHBs (Gilli and Gilli, 2000).
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This last class of strong CAHBs can be related to the acid-base equilibrium
R,~O-HMMO-R, = R~Y>OMH*MDY*—R, = R—0O:MH-O"-R,
between amcid, R—O-H, and aase;O0-R,, whose conjugated acid is-O"™—R..
This equilibrium is known to givthree extreme outcoméslus an infinite number of intermediate
ones) modulated the value &K, = pK (R,—O-H) - pK (H-O"-R)).

1. WhenApK, is large and positivaveak and neutral OHBsre formed Q—H[IID).
2.WhenApK, is large and negativawaysweak but charged OHB®e obtained-QIH-O").




CSD Classification of the GH...O System:PAHB

CHART 3.6. HOMONUCLEAR AND HOMOMOLECULAR
O-H...O 6-COOPERATIVE OR POLARIZATION-ASSISTED HB, PAHB
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O-H[ID ¢-Bond Cooperativer Polarization-AssistedH-bond (PAHB)

The concept of-bond cooperativityvas firstly suggested bieffrey and Saenger (199h)
relation to the hypothesis that H-bonds within long chains of waters (or alcohols or phenols)
should be stronger than ordinan~dIID bonds because thecreased €H bond polarization
induced by the chain has tberrect sigrfor further strengthening the bond

L ater on, the bonds were added to the list of thex@a Leitmotifs with the name
PolarizatiorAssisted Hbond or PAHB(GIlli et al., 2000Q.
The few typical cases above clearly show thetbond shortening is small, certainly because of

thetoo small polarizability of the-bond but sufficient to keep theD distances slightly below
the shortest distances normally associated with the ordirat{f® bond (some 2.70 - 2.75 A).



CSD Classification of the GH...O System
CAHB & RAHB: Symmetrization of Physical Properties

125 1.0 B R T B e E——
g 96, R =240A X;—O—H-e ] 3500 da A+ ()
120 5 ) ] iR ]
1°=0.925, R, =2.40 A 084 d, 7] 3000 4 ofo . i
115 Ad=d-d o _
= @ 0.6 - o e 2500 4 !Z‘é‘ -
_ 110 < < . . ° 5
z g| |n 3 S DX .
& 11 - - 3 04l R . g 2000 - . .
®© . d(O-H)=104 . > 1
1.00 %A\ - L 1500 - = _
0.5 A Ho¥ Ty B | 1000 C i
. i iy ]
O TTIR TR 1A 1% & 17o"1'éo'"1'§o'"z'o'o"'z'{d' T T 1 50 — T T T T T 1
d(H-—0) (4) 26 27 28 \ 2 26 2.7 2.8 2.9
© d0-0) (A) d0-0) (A)

A. d(O-H) vs. d(H--0) (A): RAHB, CAHB; N/A

{©
1 B. Ad/Adyvs.d(O+0 (A): idem
Q. 1 C. IRv(O-H) (cnt?) vs.d(O-0) (A): idem
\Q\\ i
5%0 1 D H NMR §(OH) vs.d(O--O A): RAHB. N/A
P | ]
O O SN vt oottt N 1° o1 E. Gas-phase H-bondissociation enthalpies
MR Rooan 0 10 20 30 40 50 60 AH°D|S(O—H"'O) vS.APA (kcal mOil),

APA (kcal mol ™)

(difference of proton affinities): CAHB



CSD Classification of the GH...O System
CAHB & RAHB: Automatic Equalization of VB Resonance Forms
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The three ways for making iso-
energetic the two VB resonance
forms COV1,NCTandCOV2,CT.

(A) by adding an electron;
(B) by removing an electron;

(C) by connecting the two oxygens
by an-conjugated chain.
(Gilli and Gilli, 2000



CSD Classification of the GH...O System:
CAHB & RAHB: Automatic PA/pKa Equalization
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CSD Classification ofOther Homonuclear Systems:(-) and (+)CAHB

CHART 3.8. HOMONUCLEAR X-H..X (X =F, Cl, Br, S, N)
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</ @@ D= 26564 providedX is sufficiently electronegativand
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A4ATRTRADECANE  ypRON-1somALkrL QNN ) the bond formed belongs to a proper Chemical
(C3.8.d1) AMINONAPHTHALENE . .
(C3.8.42) HYDRO(NC'EISSEZTRID'NE) Leitmotif.

Typical (-)CAHBsinclude[HallIH[THal]~ (Hal = F, CI, Br), a single case [BITH5], and a few
[N ITHIIN]~ bonds, whilgFITHIIF]* is the only(+)CAHB known to involve halogens.

Conversely]NITHIIN]* (+)CAHBs are quite frequent because they constitute the ofga®ton
sponges compounds with a variety of chemical applicatitre, for this reason, have been extensively
studied from a structural point of vievidler, 1990; Staab and Saupe, 1988; Llamas-8aak, 1999.

Finally, about thirtyN-HIIN (+)CAHBs short enough to suggest a strict P/jpnatching have been
retrieved, which would deserve a more detailed thermodynamic study. Only two examples are shown.



CSD Classification ofHeteronuclear Systems:(x) CAHB

CHART 3.9. HETERONUCLEAR
N-H...0/O-H..N DOUBLE CHARGE-ASSISTED HB, (+)CAHB
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PENTACHLOROPHENOL 3,5-DINITROBENZOIC ACID
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(x)CAHBSs, whose strength simply depends on the
more or less accidental donor/acceptor R4/p
matching, are not expected to be seriously affected
by theheteronuclearitpf the bond.

As a matter of fact, a systematic CSD studyli
and Gilli, 2000 carried out on

318strong N-HITD/O-HIIN bonds withd(NIID) <
2.66A has singled out

265(x)CAHBs (192 N-H*[ID- and 73 GHIIN),
29 (+)CAHBs (29 N-H*[IID), and only
7 (H)CAHBs (5 N-HIIID- and 2 GHIIN").

N-H--O/O-H-N (£)CAHB

(sa)




Summary of D...A Distances: OHBs against CAHBs (1)
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Summary of D...A Distances: OHBs against CAHBs (2)

45 - o
40 1 = F (=) = [X-H-X] ]} .
—_ E 0 (+) = [X--H- X] CAHBs
m N .
_ 35-_ a Cl (¢) = X-H--X )} OHBs
— 304 = Br
=)
g . S
i - =)
< 20 - !
g 1 )
N 154 7
10 /!
4 7/ // / (’)
5 | (o) (e) ~ (* ,
u- {.)\, -‘\p ’,,, ’
0 e -f_g:-—-l" B P =
} FA.,H,..F
0---H--O
N--H---N
Cl--H-Cl
Br--H--Br
I | | S--H--S
I T LJ L} T l T L} L} T I L} T T L} l T T L} T I L} T L} I
45 4.0 3.5 3.0 25 (A) 2.0

Full range ofH-bond energie<s, 5, andD-+-A contact distancespanned by the most common
OHB or CAHBs homonuclear bonds.

Horizontal lines on the bottom show the full ranges of thBARlistances from the longest
(Z,vdW) to the shortest value.

The dashed curves represent the exponential dependdBgefodmdy , (Gilli et al., 2009.

(Slide to be discussed below in Lecture 4)



Lecture 3. PART 2
The PA/pKa Equalization Principle
Modelling the H-Bond by Thermodynamic Methods

A Proposal
Two very similar proposals come from the early thernedynamic or spectroscopic
investigations on the HB and are both centered on the
matching of the acid-base properties of the HB donoand acceptors moieties
what we like to call, for the sake of brevity, the
PA/pK, Equalization Principle.

With reference to any genericD-H---:A bond, this principle states that
the HB is the stronger the smaller becomes the difference of the donor-acceptor

proton affinities: APA = PA(D") - PA(A)*
or
acidic constants: ApK, = pK,,,(D-H) - pKg,.(A-H*)*

1964 .Huyskens P.L. andZeegersHuyskensTh.,J ChimPhys 61:81 (1964).

1975 Ault, B.S. and Pimentel, G.@.Phys Chem 79: 615 (1975).

1977 .Kebarle P.,Ann Rev Phys Che28: 445-476 (1977).

1982.Malarski Z., M. Rospenkand L.Sobczyk]. Phys. Chem. 86: 48406 (1982).
1984 Meot-Ner (Mautne) M., J Am Chem Soc 106: 125264 (1984).



Modelling the H-Bond by Thermodynamic Methods

AH(g) H'(g) + A (g)
-s|l+s -s|l+s
K aH N -
AH(S) + S SH'(S) + A(S)
K°BH+
BH'(§) =——= H'(g) + B(g)
-S||+S -S|I+S
K@
+ BH+ +
BH'(S) + S === SH'(S) + B(S)

Thermodynamic Equations

NG =0, H-T A, S =-RT InK®°,,
= gasphase acidity of AH gasphase basicity of A
A, H° = proton affinityof A~ = PA(A");
ApG =40, H-TA,S=-RT InK*,,
= 2.303 RTpK,,,= 1.364pK,,, (kcal mott at 25°C)

N G = A H-TA,,,S =-RT InK°
= gasphase basicity of B
Ay, H° = proton affinityof B = PA(B);

Ag,,G® = Agy H-T Ag,,S = -RT InK%,,,,

= 2.303 RTpKg,,,= 1.364pKg,,, (kcal mott at 25°C)

BH+

The PA/IK, equalization (or PAAS, matching) principlas the hypothesis that the-B---:A
bond strength can be accounted for in terms of the differences

APA=PA(D) —PA(A) or ApK,=pK,(D-H) - pK,(A-H").
PA andpKaare defined by the thermodynamic equations ajpspectively in the gas phase

or in a solvent (S), most frequently dimethylsulphoxide (DMSO) or watgd)H



Modelling the H-Bond by Thermodynamic Methods
Non-Homogeneity of the Thermodynamic Indicators

Starting from the 1960’, there have been numeroesngits to rationalize H-bond
strengths in terms of PAy matching with particular reference to the PA interpretation of
matrix-isolation IR ICR (ion cyclotron resonangedndPHPMS (pulsed high-pressure mass
spectrometry) spectroscopieEhough many of these studies were quite successful
interpreting limited series of compounds, no general rule valid for all possible types of H-
bonds has never been produced.

The reasons have been only recently recognized, (Pretto, and Gilli, J Mol Struct,
2007) in defects of the previous thermodynamic treatmehbse correction has lead to
single out a number of new specific and important factors:

H-bondsare not thermodynamically homogeneouslirlbng tofour distinct
thermodynamic classgeach of which must be treated in a slightly défarway:

ThoughPA andpK, valuesare strictly correlated, thesre endowed with different
thermodynamic propertigbat hinder the application of the PAlpequalization principle
to some classes of chemical leitmotifs;

The interpretation of thermodynamic data is often tricky and requires much attention to
be correctly performed.



Modelling the H-Bond by Thermodynamic Methods
Thermodynamic H-Bond Classes

RAHBs: RAHBs cannot be treated by PAlpequalization methodsecause-delocalization modifies
the PA/K,'s of the donor and acceptor moieties.

(+/-)CAHBs, PAHBSs, or OHBSA proton transferfrom an acid(HB donor) toa bas€HB acceptor)
R-D—-H-A-R’' « R-12D---H*--Al12—R' « R=D:-H-A*—R’
ApK, = pK,(R-D-H) - pKg,.(R'-A:))  APA=PA(R-D") - PA(R-A:)

(-)CAHBs: A proton sharingbetweertwo acids(HB donors)
R-D-H--D'—-R < [R-D-*H-D'-R]~ « R-"D:*H-D'-R’
ApK, = pK,,(R-D-H) - pK,,(R'-D’-H) APA= PA(R-D") - PA(R'-D"")

(+)CAHBs: A proton sharingbetweertwo basegHB acceptors)
R—"A-H-A'-R" = [R-AHA'-R]* =« R-A:-H-A'*-R’
ApK, = pKg,,(R-A]) - pKg, (R'-AY)  APA=PA(R-A:) - PA(R'-A”)

Whenever-) and(+)CAHBs are_both homonucleaD(=D’ or :A =:A’) and homomolecular (R = R’)
the matching conditioApK_= O will hold irrespective of the actuaKgs of the two interacting moieties

In this case, all HBs formed will be strong!




PA (kcal/mol)

Modelling the H-Bond by Thermodynamic Method:
Differences between PA and g, Quantities

1.364pK_(H,0) (kcal mol at 25°C : :
P, (R0) (kealmolat 25°C)  The plot shows the intercorrelation between PA afigvplues.
-20 0 20 40 60 80

I Data are arranged in two subsets4eiH acidsand:B bases
with correlation equations (with removed outliers)
PA(A-) = 329(2) + 1.61(7DK(AH, H20)
PA(B:)) = 210(1) + 2.0(1pK(BH, H20).
The two lines are reciprocally shifted by an amafrénergy
that, at the zero ofify, isA = A(329-210) =119 kcal mal.

What does this energy difference represent?

420 —
400 —
380 +
360 —

340
Considering the dissociation reactions of éle@ and thebase

in the gas phase
AH(g) = H*(g) +A7(g) BH" = H*(g) +B(9).

it is evident that\ representhe work needed to take the two
chargedH*(g) and A(g) from the Hbond distancésay,R) to
the infinity (the zero of all charged quantities).

320 —-
300 —,CF;S0,
280
260 —

240+ SinceA 0119 kcal mot, an approximate value of the H-bond

distance can be calculated &R 3= 332.15/1999 = 2.23 A, a
value that, though fairly reasonable from a physical point of

view, is too inaccurate for being of practical use.

HB Donors 1: Inorg
HB Donors 2: C-H
HB Donors 3: Org
HB Acceptors 1: O
HB Acceptors 2: N

220 +

200 +

1804 /¢

o D>O %

160 +——1——T———"—T"——"—T——T—
20 -10 0 10 20 30 40 50 60

pK, (H,0)




Modelling the H-Bond by Thermodynamic Method:
Differences between PA and I§, Indicators

A proton transfefrom an acid(HB donor) toa bas€HB acceptor)

APA=PA(R-D") - PA(R-A:)

A proton sharingoetweenwo acids(HB donors)
APA=PA(R-D") - PA(R'-D’")

A proton sharingoetweenwo basegHB acceptors)
APA=PA(R-A)) - PA(R'-A)

Theelectrostatic ternh (1119 kcal moll is
() not present iri (neutral A and A’);

(i) doubly present (charged @and D™) but mutually canceling out i ;
(iil) present in (charged D)

This leads to the conclusion that the valueaff can be actually usdor predicting H-bond
strengths of théwo proton-sharing H-bongbut cannot be used for the much more frequent
proton-transfer ones.
The APA use is therefore limited #G-)CAHBs and (+)CAHBSs in the gas phasetype of
application that can be considered of specialized concern and outside the main practical interests of
chemistry and biology.

Such difficulties do not subsigt solutionwhere no electric work is involved because the prado
exchanged within the close environment of the solvated ions and, accordipiglyturns out to
bethe correct indicator of pKa equalizatifor bothprotontransferandprotonsharingH-bonds.



Modelling the H-Bond by Thermodynamic Method:
A Verification of the PA Equalization Principle

— 60 AH° vs APA plotfor the gas-phase dissociation
FH.F° ~Of..F - (b) equilibrium [-O-+H-X]~ « O-H + X~ studied by
: Ef‘HOOL']* OOCH . o - 55 Kebarle and McMahon (1971-1984 represents
& Bril Br ® -OH..Br '_50 halide ions(F, Cl, Br, and I) and-O-H a series of
& IH.T ® -OH.I i organic alcohols and acidAPA values are positive
L 45 when the dissociated form@-H + X~ (on the
- right) and_negativevhen this form iO™ + H-F
- 40 2 (blue points on the left).
A 4 '_35 =° The points arranged on the vertical lind\RA = 0
9 I 7z show, for reference, the well known homonuclear
o | 30 § [X-H-X]~ (-)CAHBs.
gx} . '_25 E‘— The plot perfectly follows theA Equalization
® & I Principle, larger association enthalpies being all
.o ° L 20 localized on the vertical line withPA = 0.
‘A S -
Y - 15 Note. The form of the relationshiH® versusAPA
-« - has been investigated by many authors who mostly
* rw suggestedinearity but without achieving any degree

of generality. It can be said that, so faw, theoretical
| model of this relation has ever been proposed
APA (keal mol ') Another important problem to commit to posterity!

L I Ll I L] I Ll I L] I L
100 -80 60 -40 -20 0O 20 40 60 80 100



Modelling the H-Bond by Thermodynamic Method:
The pK, Equalization Principle.
Retrieving a Valid List of pK, Values

There are two known series of acidity constants that could be a basis for H-bond-strengths prediction,
one measureth water,pK,(H,0), and the othein dimethyl-sulphoxidepK,(DMSO), but the latter
(Bordwell, 2003 is still too limited to be of practical use.
Our work makes exclusive use i (H,O) values The main difficulty is that the H-bond range of
aciditiesis enormoug-15<pK, <53)in comparison with the autoprotolysis range of wgberpKa
<14) normally investigated. Hence, measurements baisitended teolvents considerably more
acidic or basic than watand therrescaled to watdosy various awkward methods.
Present values were mostly taken from previous compilatigiasKill, 1985; Cookson, 1974; Smith
and March, 2001; Lide, 2006; Martell et al., 20Ca@nd complemented by a number of single values
from the literature. Since all data refer to water, the short notatipmstead of K (H,0) is used,
while the symbolpK,, andpKg,, are used to distinguish between thgsociation of acidand
protonated basefinal data have been arranged in order of cherfucationality:

inorganic acids, €H acids, and organic acids asbdnd donors

organic oxygen, nitrogen and phosphorous basesk#nH acceptors

Extended Tables containingore that 300 chemical clasdwve been compiled, together with a
pictorial representation of the data in form of bar chart, called the

pK, Slide Rule
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ThepK, slide rulesummarizes in pictorial form the
relationships between H-bond and acid-base properties.

D-H donors(or A—H acids) on theight and A
acceptorgor B bases) on theft define three H-bond
types:left-left, right-right, andright-left, equivalent to
acid-acid(—)CAHBs, base-baset)CAHBS, and acid-
base(+)CAHBs and OHBgrespectively.

For these latter, thgositiveandnegativesign of

ApK, = pK(right) - pK(leftt) = pK(D-H) - pK(A-H")
distinguishes betweemutral G-H[IITJA andionized
“D:[MH-A* bonds. Therefore, OHBs will be neutral or
doubly charged according to whether the acid (on the
right side) is higher or lower than the base (on the left
side) while, of coursestrong &£)CAHBsremain

defined as the bonds wheienor and acceptor face
each otheon a same horizontal line.

The slide rule allows us to have, at a glance, a
comprehensive view of the most common types of H-
bond donors and acceptors and of the features of the
bonds they are going to forrii.is a semiempirical
but quite efficient solution of the HBond Puzzle
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C-H acidsdisplay the greatest range of values,
-1<pK_<53. Unfortunately, there are very few data for
very acidic GH donors matching thekp of

carbonyls to form strong CHD bonds, the only

case Bock et al., 1998being the EHIMO< adduct

of trlnltromethane (K, =0.0) with dioxane (K.~
2.1)having QD distance of 2.934, possibly the
shortest ever observed.

Other acidsare in the rangel<pK_<40, the
strongest beindrinitrophenols {0.7<pK_< 0.33)and
the weakest onesrganic amines , around 3940).

The order of decreasing aciditygarboxylic acids >
phenols > alcoholandamides > anilines > amines
and, in each class, the acidity is seen to be eeldanc
by halogenation or nitration.

Thioles(6.5< pK_<11),enols(8.5<pK_<12), and

oximes(10<pK_<12) are significantly more acidic
than the correspondirgdcohols(15<pK_<18).
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Theacceptor range 12<pK_<16)is shifted upwards
with respect to donors, so thatro, carbonyl,

nitriles, ethers, alcohols, and sulphoxides accseptor
face afew inorganic acidbutno organic donorwith
which can only form weak H-bonds.

L ikewise,the weakest donofamines, anilines, and
alcohol9 do not faceany known accept@and can
then form only weak and neutrai-BIITIA bonds.

Themaximum donc@acceptor overlapccurs in the

interval of water autoprotolysis£pK_<14), where
the greatest part of the strong H-bonds are expected.

Finally, the slide rule givea new insighinto the
most common and familiar types of H-bonds. For
instance, we speak without distinction of
amine-nitro, aniline-ketone, waterwater, carboxylic
acid-pyridine, andoerchloricacid-aniline H-bonds
not considering that thelkpK,'s are as different as
50, 46, 17.4;1, and-20 K, unitscorresponding to
67, 61, 23;1.3, and-27 kcal mott at 25C and that
this impressive series of numbers actually represent
the energy difference between their tautomeric
~D:[MH-A* and D-H[A forms.
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The pKa Slide Rule

The pK, slide rule is a tool for the graphical
evaluation of the difference

ApKa: pKAH(D_H) - pKBH+(A_H+)

for the most common classes of organic

compounds.
HB Acceptors are on the left and
HB Donors on the right.
pK, values are given for chemical class.

Results expected:
ApK_>>0: D—-H----A, weak & neutral
ApK, =0: D---H---A, strong & centered
ApK,<<0:"D----H-A*weak & charged

PK, ranges of organic compounds:
C-H acids -11 <K< 53
Other Donors -1 <K < 40
Acceptors -12 <K < 16
All -15 <K, < 53
PK, in water 0 <pK<14




End of Lecture 3



