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Bonding Patterns in a Strong 3c2e C-H---C Hydrogen Bond
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Analysis of the topology of the electron density and underlying local orbital interactions of the fully optimized
structure of the molecular cage of timebicyclo[4.4.4]-1-tetradecyl cation reveals that the inside 3c2&lG-C
hydrogen bond is not only unusual but also strong. The insidel @ond of the unsaturated, neutral precursor
bicyclo[4.4.4]-1-tetradecene is involved in an intramoleculaHZr interaction with the transannular double

bond. Known and calculaté# and*3C NMR properties, including diamagnetic and paramagnetic contributions

to shielding tensors, are accounted for in terms of electron density redistributions and the unusual electronic
environment within these hydrocarbon cages.

1. Introduction functions were calculated with density functional theory. A

. . previous ab initio calculation, including NMR properties of
ex:%lgr:gg%? g(:_:}(jts gfﬂl’.‘?.%fgenfg;_gﬁ/)#&iﬁgggﬁsg g:).r;l(—jr;? C444CH, has been reportétwith somewhat different results.
for example, defies the cannon of undergraduate chemistry that2 Methods
a hydrogen bond is a special bridging interaction of a partially “
positive charged proton situated between two highly electro-  The equilibrium geometries of the molecules of this study
negative centers (such as N, O, F). The study reported herewere fully optimized, including normal-mode frequency analy-
focused on the electronic nature of a stable, lineaiHz-C sis, using, unless otherwise noted, density functional theory
hydrogen bond in the molecular cage of thebicyclo[4.4.4]- (DFT) at B3LYP/6-31G(d,p), as implemented in Gaussial98.
1-tetradecyl catiof;® denoted herein as C444CHThis is a  The B3LYP exchange-correlation functional and the use of this
transannular hydrogen bond obtained by protonation of the polarized basis set have been found to give good results for
double bond of the inside isomer of bicyclo[4.4.4]-1-tetradecene hydrogen-bonded complex&s.®H and 13C NMR shielding
as shown in the scheme below. The precursor molecule will be tensors,o, were obtained with the gauge-independent atomic
denoted herein as C444C. orbital (GIAO) method:#1% The principal components of the
tensors were ordered in the conventioly < 022 < 033
Chemical shifts were obtained with reference to TMS by using

| : isotropic values oforus(*H) = 31.76 ppm andrrus(*3C) =
H e O H* 191.8 ppm calculated at the same level of theory. Our calcula-
2 b tions included the direction cosines and the diamagnetic and
U paramagnetic contributiongyy and op, respectively, of the
isotropic value ofoiso = (011 + 022 + 033)/3 of the tensors.
casac CAd4CH" Spin—spin couplings"J(A,B), were also calculated by using

routines available in Gaussian&318

Linearity and close carbercarbon (G-+-Cy) bridgehead The resultant electron density obtained from the wave
distance is maintained by the constraints of the hydrocarbon function of all optimized structures was analyzed with At¥.
cage consisting of three loops, each with a four-carbon NBO theory was also useful in the interpretation of hydrogen
backbone. This three-center, two-electron (3c2e) hydrogen bondPonding in terms of local, hybrid orbital interactiofis?
may be thought of as arising from internal electron density ~ In the NBO approach, the hydrogen bond is recognized as a
rearrangements that prevent the development of an unstablegeneral acid/base interaction, with a portion of the lone-pair
carbocation center at,Gvhen the adjacent vinylic carbon is  electron density of the base, n(B), being delocalized into the
protonated. As we will prove herein, this seemingly electron 0*(A—H) antibonding orbital of the acidic proton dorfor®
deficient hydrogen bond, bridging two carbon atoms of low In this view n(B)~¢*(A —H) determines the hydrogen bond.
electronegativity, is not only unexpected but is also quite strong This interaction was assessed quantitatively in this work by use
with covalent properties. Previously measuteidand?3C NMR of second-order perturbation theory, where the energy lowering,
properties of the above two molecules are rationalized in terms E@, due to the interaction of two localized orbit@sandb of
of the topology of the electron density about critical nuclei and energiessa andEy, respectively, is given bg® = —2[&|F|b#/
viewed also in terms of local orbital interactions more familiar (Ea — Ev), where[&|F|bLis the appropriate element of the one-
to chemists. The analysis was carried out with the use of the electron Fock or KohrSham matri¥>. We prefer the use of
theory of atoms in molecul&s’ (AIM) and localized, natural NBO theory to other available wave function decomposition
bond orbital (NBO) theor§-1° Molecular geometries and wave ~ Scheme¥ due to the direct association of the underlying
localized orbitals with concepts (hybrid orbitals, resonance,
*E-mail: d.dupre@louisville.edu. conjugation, hyperconjugation, charge transfer) familiar to and
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widely used by the chemist. These notions and principles are
also put on a quantitative level with NBO theory.

AIM focuses on the true topology of the electron density,
obtained either by experiment or by calculation. Here the
hydrogen bond is usually found to be a type of closed-shell (as
opposed to shared) interaction between the proton donor and
the proton acceptdi®2021 As in ionic and van der Waals
interactions, the electron density at the saddle point, a1(B, \
bond critical point (BCP), along the ridge of maximal density 1s(H)
betwe_en Hand _the hydmg?n bond aCC?ptor a}tom IS dom'_namlyFigure 1. Natural bond orbital representation of the 3c2e hydrogen
receding back into the adjacent atomic basihés such, it bond in C444CH. Two p lone-pair orbitals, #{C), located on each

characteristically has a small value of the electron densiity;), bridgehead carbon overlap strongly with the hydrogen 1s orbital. Each
at the BCP. The Laplacian, which may be written in terms of ny(C) _orbital is occupied with 0.76 electrons and the 1s(H) orbital
the eigenvalues of the Hesssianwés V2o = A1 + Az + As, contains 0.79 electrons.

whered; < 1, < 43, is also small and positive at this point in

a normal hydrogen bontf22 The positive sign is due to the
dominance Az > |41 + A2|) of 43, the only positive eigenvalue
whose eigenvector at the BCP points along the hydrogen bond
path (BP). Covalent bonding, on the other hand, is dominated
by contraction of electron density in the plane perpendicular to
the bond path at the BCRH < |11 + 12]). The electronic charge

is thus concentrated and shared between nuclei. The covalent
bond is characterized by large valuesp@fc;) and a large and  Figure 2. Contour plot of the Laplacian of the electron density showing
negative value o¥?p(r¢p). The value of the ratigls|/A3 is also regions of charge concentration along the almost symmetriti& -C,
characteristic of the difference between closed sh&j|/gs < hydrogen bond in C444CH The lighter lines are areas of charge
0) and shared{1|/4s > 0) bonding pattern$22The local kinetic depletion in the carbon atom cores and extra-valence regions. The

; ; tical curves show where the interatomic surface of H passes through
energy density per electroB(rcp)/o(rep), provides another useful V&' . ator ; -
T s . . . . the plane of the figure. The small solid circles on the interatomic surface
distinction* The potential energy_denSIty_',(GC), is locally in curves are (3;1) bond critical points along the bond paths connecting
excess at the BCP of a shared interaction, and consequently,q bridging hydrogen with the nuclear attractors qfadd G. The

G(rep)/p(rep) is small. Due to the retraction of charge density |aplacian of the electron density reveals that this unusual, enforced
toward the nuclear attractors between juxtaposed atoms in ahydrogen bond also has substantial covalent character.
closed-shell interaction, the kinetic energy dominates@(ngh)/ i

TABLE 1: Geometric Parameters and Calculatedv(C,—H)

p(Tep) has a relatively large value aMire) is small. The total -\ oo a1 Siretching Frequencies (in cnr?) for CA44CH
local energy densitiy = G(rcp) + V(rep), which also reflects 534 the C444C Precursof
the balance between the local kinetic and potential energy

densities, is sometimes also quoted as a measure of covafency. ca44CcH C444C
The degree of localizatiod(A), of electrons within the AIM- Ca—H 1.262 1.072
defined atomic basins and their delocalizatiog,B), into the gbg %'égg %'822
basins of other atoms was also calculated as described by D?:chb:b 179.8 171.0

Fradera et a#* and Biegler-Konig and Schonbohth These sum of bridgehead carbon angles
calculations are based on integrations of the electron-pair density ~ Ca 347.6 343.7
over individual atomic basins and between bonded and non- b 347.7 359.9
»(Ca—H) 2033.7 (2113)  3318.7

bonded atomic basins within the molecule. The indices provide
a measure of electron-pair sharing arising from exchange 2C,and G are the bridgehead carbons. Geometries optimized at
correlation by averaging the effect of following the spread of B3LYP/6-31G(d,p). Distances in A; angles in dégxperimental value
the Fermi hole of a representative electron, which excludes a from ref 1.

like amount of density from another same-spin electron. o R . )
Coulomb correlation is also introduced in our calculations the diamine counterpaft, *°inside-protonated 1,6-diazabicyclo-
through density functional theory. [4.4.4]tetradecane, denoted here as [444)Me have previously

demonstrated by the methods of this paper that [4448khibits
a strong three-centefpur-electron (3c4e) hydrogen borél.
3.1. The 3c2e Hydrogen Bond of C444CH NBO theory
The results of the geometric optimizations for the molecules recognizes the 3c2e hydrogen bond in C444Gi3 the union
of this study are shown in Table 1. The intramolecular hydrogen of two equivalent, lone-pair p-orbitals on each bridgehead carbon
bond of our main attention is denoted-€H---C,,. If there is a with the 1s orbital of the bridging hydrogen. Each lone-pair is
distinction, the distance of 3o H is shorter. The bridgehead occupied with 0.76 electrons and is directed along the
carbon-carbon distance is seen to considerably contract (by C,—H---Cy, axis. As shown in the contour plot of Figure 1, the
~0.5 A) upon protonation of the C444C precursor. The 3c2e bridgehead lone pairsy(C), strongly overlap the 1s(H) orbital,
hydrogen bond is linear and the bridgeheads are flattened (theitself containing 0.79 electrons. This orbital interaction picture
sum of carbor-carbon bond angles about each bridgehead is is similar to the three-center molecular orbital interpretation
348; perfectly flat would be 369 exactly tetrahedral, 328p usually given for linear 3c2e bonds!
The calculated, unscaled harmoni¢C,—H) stretching fre- Analysis of the topology of the electron density of this
quency is close to that measured by IR spectroséolpyis hydrogen bond with AIM gives a similar interpretation, though
noteworthy that the £--C,, bridgehead carbercarbon distance  richer in detail. Figure 2 is a contour plot of the Laplaci&Ap,
of 2.528 A in C444CH is the same as the N-N,, distance in of the electron density in the area of the almost symmetric

3. Results and Discussion
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TABLE 2: AIM Properties of the 3c2e C,—H-+-C,, and 3c4e N—H™---Ny Hydrogen Bonds in Proton Cages C444CH and
[444]H" 2

molecule/bond path  p(rcp) V2p(rep) A A2 A3 [A1)/ A3 € G(rep) V(rep) Hp G(rep) p(rep)
Ca44CH

Ci—H 0.1551 —0.1945 -0.2898 —0.2897 0.3850 0.75 0.003 0.0529-0.1545 —0.102 0.341

Cp--H 0.1570 —0.2024 —0.2949 -—0.2948 0.3874 0.76 0.003 0.0533—-0.1571 —0.104 0.339
C444C

a—H 0.3021 —1.1076 —0.7999 —0.7984 0.4906 1.63 0.002 0.0540—0.3849 —0.331 0.179

Cp+-H 0.0322 0.0837 —0.0399 -0.0271 0.1507 0.26 0.475 0.0226—0.0244 —0.002 0.702
[444]H*

Na—H 0.1751 -—0.3888 —0.5128 —0.5128 0.6369 0.81 0.000 0.0733—-0.2438 —0.170 0.419

Np-+-H 0.1753 —0.3904 —0.5137 -0.5137 0.6369 0.81 0.000 0.0733—0.2442 -0.171 0.418

a Data are presented also for the C444C precursor base. The optimized geometry for the diamine analogdewdd4diken from our previous
study [ref 26]. The wave functions for this work were calculated at B3LYP/6-31G(d,p).

Ca—H---Cy, hydrogen bond of C444CH A continuous region TABLE 3: AIM Charges and Localization, A(A), and

of valence shell charge concentration (within the darker bound- Delocalization, §(A,B), Indices Across the Hydrogen Bond
ary) is clearly seen across the span of the hydrogen bond. Value%nCI Once: Reprgsgntatl\ée Hydr%cargon Loop of the C444CH
of the properties of the bond critical points (Table 2) along the roton Cage (3c2e Hydrogen Bond)

bond paths (shown also in Figure 2) between H and the two C444CH Ca oC pC yC oC G H
bridgehead carbons are indicative of significant covalency. The AlMcharge 0.02 0.11 0.11 0.12 0.10 0.02-0.05
value ofp(rep) = 0.1551 (0.1570) at each bond critical pointis ~ 4(A) 391 3583 383 382 384 390 043
more than half of the value for the shorter and unquestionably °(A,B)

covalent G—H bond in C444C. Characteristic of a shared ﬁav‘\’/‘f'tt':‘ 0.49 %%% %‘%41 %%11 %%23 %1459 0.49
interaction® V2p(r¢p) = —0.1945 (-0.2024) is negative at these ' ' ' ' ' '

critical points and aboufs of the value recorded for the,€H [444]H" Na aC pC yC oC Np H
Single bond Of. C444C. The total local energy densﬂ)ﬂ,: AIM Charge —-098 039 0.11 0.10 0.38-0.98 0.50
G(rep) + VA(rep), is also taken as a measure of covalent character j(a) 6.05 3.63 3.83 3.83 3.63 6.05 0.10

in otherwise closed-shell interactions such as the hydrogen 6(A,B)

bond?3 Here the local potential energy densiffr ;) outweighs Nawith ... 087 0.06 0.01 0.00 016 0.35
kinetic G(rcp) contributions andH, = —0.102 (-0.104) is Hwith ... 035 001 000 000 001 035
negative and abouls of the value of the reference,€EH aData obtained from a previous study of the 3c4e hydrogen bond
covalent bond in the neutral precursor molecule. Thand in the diamine proton cage analogue, [444]Hare included for

eigenvalues are both reflective of the degree of inward curvature comparison, see ref 26. Geometries optimized at B3LYP/6-31G(d,p),
of the electron density perpendicular to the bond axis at the except for [444]H (symmetric, low barrier transition state), which was

. - R optimized from ref 26 at the B3LYP/6-31d,p) level. AIM data
bond critical point. The similarity of these values and the pained from wave functions at B3LYP/6-31G(d,p). A representative

corresponding low value of the ellipticities= 1./, — 1 is hydrocarbon loop between bridgehead carbonsGgL or nitrogens
indicative of the cylindrical symmetry of this partially covalent (N,Ny) is indicated by—aC—BC—yC—d0C—; the hydrogen bonded
hydrogen bond. These values are close to (though not as largeproton, by H.
as) those found in our previous stdflpf the diamine proton
cage, [444]H, and reproduced here also in Table 2 (see also for the atoms of the hydrogen bond and around a representative
the similarities of Figure 2 with Figure 2 of ref 26). The value hydrocarbon loop (denotegtaCH,—SCH,—yCH,—0CH,—).
of the kinetic energy density per electro®(rc)/p(rcp), is As befits the lower positive (more negative) charge, the electron
actually lower in the hydrogen bond paths of the carbon proton pair localization index of the bridgehead carbons is greater than
cage than for the diamine analogue. This is reflected in the that of the methylene carbons. The delocalization index between
lesser, relative contraction of charge into the bridgehead basinsthe a-carbons and the bridgeheads is large at 0.96. Counting
in C444CH, given by the values of thg|/A3 ratio, also listed the equivalent-carbons, there are six of these interactions,
in Table 2. resulting in a buildup of electron pair density at&d G, that

A question arises at this point as to how the three-center bondspills over into the atomic basin of H.
of C444CH-, with nominally only two valence electrons, can On the average, the atomic basin of H contains 1.05 electrons.
have an intramolecular hydrogen bond of strength rivaling that Of these, 0.43 are localized within the basin and are not shared
of [444]H*, with nominally four bonding electrons. This  with other atoms. From the delocalization indices, 0.49 electrons
apparent inconsistency is reconciled by looking atréuistri- are shared with each of the two bridgehead carbon atoms. There
bution of charge around the molecular frame that serves to is some small additional sharing of electron density of the H
delocalize the positive charge of the carbocation that emergedatom with other atomic basins in the molecule, most notably
upon protonation of the double bond of C444C. Inspection of the o- and d-carbons. Since the -€H bonds are essentially
the AIM charges of Table 3 shows that both bridgehead carbonsnonpolar, this G-H---C, hydrogen bond may be interpreted
of C444CH" are approximatelyneutral (+0.02). The carbon as being mainly due to equal sharing of approximately half of
atoms in the four hydrocarbon loops are positive (atomic chargesan electron pair between the H atom and each of the bridgehead
between 0.11 and 0.12), as are many of the methylene hydrogercarbons. (In methane the delocalization index across thel C
atoms (charges not listed). Electron density has been lost frombond is 0.98, meaning here that approximately one electron pair
the latter atoms and transferred to the hydrogen bond to avoidis shared in the covalent single bond between what are also
the creation of an unstable carbocation center @tI€ the essentially neutral carbon and hydrogen atéfpsloteworthy
process, the bridging-hydrido proton was left with a small  also in C444CH is the joint delocalization index of 0.15
negatve charge {-0.05). This mechanism is also recovered in between the two bridgehead carbons, indicating communication
AIM localization and delocalization indices, shown in Table 3 between these atoms across the hydrogen bond. The slightly
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negative, almost neutral, charge on H also has consequences in
shielding of the proton. A signature feature of 3c2e hydrogen
bonds is a largeupfield even negative value ofH NMR
chemical shifts. Characteristics of nuclear shielding tensors of
atoms involved in this hydrogen bond will be discussed more
fully in section 3.3 below. We note here that the earlier Hartree
Fock, ab initio study of Cioslowski resulted in a stronger AIM
derived negative charge-0.23 vs our—0.05) of the bridging
proton of C444CH and thus severely overestimated the
negative value ob(*H) for this hydrogen atom. We find in our
calculations that the atoms of thg-€H---C,, bond are essentially
neutral and the two carberhydrogen bonds are nonpolar. Figure 3. Natural bond orbital overlap showing the substanti@=
The bonding pattern of the 3c2e H-bond of C4440sivery C) — 0*(C,—H) interaction in the interior of the C444C hydrocarbon
similar to that of the diamine analogue. There are, however, cage. The gbridgehead carbon is out of the plane of the figure which
some distinctions. In the 3c4e hydrogen bond of [444]the contains the double bondC=C<) and the inside hydrogen, H.
bridgeheads are two more electronegative, nitrogen atoms.
Charge is given up to these nitrogens, particularly by the
bridging proton and the nearest neighlooand equivalend)
carbons. These atomic sites are seen to have lower localization
indices in [444]H than in the C444CH cage. Although the
delocalization index of each nitrogen to the methylene carbons
around the loops is similar to those found with carbon
bridgeheads, electron pair localization on the negatively charged Cy Cp

hitrogens is high (6'05) a_md the brldgeheads are _n_egatlvely Figure 4. Molecular graph of the £-H/x interaction in the interior
charged £0.98). The bridging H atom in [444]His positively . of C444C. The solid circles are (31) bond critical points along the
charged (0.50) and, therefore, has fewer electrons to share inyond paths connecting the nuclear attractors(o@t-of-plane) and €
the hydrogen bond. The localization index of H of these 0.50 are the bridgehead carbons,i€the vinylic carbon, and H is the inside
electrons is only 0.10 and its delocalization index with each hydrogen. The curved path between H andi@licates a frustrated
nitrogen basin is only 0.35. The delocalization index of H into conflict catastrophe involving the double bond ®€,=C, <.

atoms other than the neighboring nitrogens is minuscule. As TABLE 4: Calculated and Experimental NMR Chemical
pointed out by Fradera et &f.jt would not be correct to interpret  ghift and J-Coupling Data for C444CH* a

the value of 0.35 as representing only approximat&lyf an

(o]

electron-pair being shared between the H atom and each 0 (ppm)

nitrogen. The smaller delocalization index across the polar bonds C444CH atom exptt caled

of Na—H™--*Np, however, is indicative of unequal sharing of H —3.46 —3.90

electron pair density pulled more into the domain of the Ca G 139.3 141.7,139.7

electronegative nitrogen attractors. The extension of the nitrogen gg ié'g ‘l‘gé ‘1153

bas@r_ls due to charge transfer _from H is also evident in the (@C)H o5 3_1'4: 207

positions of the bond critical points along the respective bond (BCH 1.9 1.86, 2.05
" ) 1

paths. The bond crltlcal_ points of each-NI™ bond path are 1)(CaH), XJ(CoH) (H2) 47 44.9, 45.8

only 0.334 A from the bridging proton (26% along the BP from 20)(CayCo) (Hz) 12.4

the proton to each respective nitrogen nucleus), whereas those aThe calculations were .

- performed with the GIAO method at the
for the C-H bonds in G—H-+-C; are 0.522 A awa}y, almost B3LYP/6-31G(d,p) leveloC andBC denote the nearest and next nearest
halfway between the carbon and hydrogen nuclei (.41%_ along neighboring carbons, respectively, to either bridgehead carhar C
the BP from the proton to respective carbon nuclei). Finally, C,. (aC)H and BC)H indicate the proton attached to carb@r® and
the positive charge on the H atom in [444]iesults in a strong  SC. P Experimental value from ref 3.

downfield tH NMR chemical shift ofé(*H) = 17.430 hydrogen halidé®-34 and wate#*loosely bound to ethylene,
3.2. An Intramolecular C—H/z Interaction in the C444C appears to be frustrated by geometric constraints within the
Precursor. The C444CH molecule of this study is somewhat  carbon cage. The parameters (Table 2) of the bond critical point
unusual for proton cages in that the emerging, formally positive between H and gare characteristic of a weak hydrogen bond:
H* atom is already inside the framework in the neutral precursor p(r.,) = 0.0322 is smally?o(rc;) = 0.0837 is small and positive
molecule, C444C. So also is one face of thelectron density (closed-shell interaction, = —0.002 is only slightly negative,
of the double bond at the ,Qbridgehead. NBO calculations  and the local kinetic energy density per electrG(cp)/o(rcp)
reveal asn(C=C) interaction of this double bond with the = 0.702, is large. The eigenvalugsand, are also substan-
0*(Co—H) antibond and the 2s Rydberg orbital of the H atom. tially different and, befitting the asymmetry of the inside of
The 7n(C=C) — 0*(C,—H) interaction has second-order this unsaturated hydrocarbon cage, produce an elliptigitst
perturbation energ¥E® of 5.63 kcal/mol and ther(C=C) — the bond critical point of 0.475.
Ryd*(2s) interaction is measured I&? = 1.19 kcal/mol. An 3.3. 'H and 13C NMR Chemical Shifts and Shielding
illustration of the extensive local orbital overlap of the first case Tensors. The results of our NMR calculations for selected
is given in Figure 3. Although the internak€H bond points carbon and hydrogen atoms of C444C and C444Ciie
closer to the bridgehead carbon than the center of the doublepresented in Tables 4 and 5. It has been shown reéétiigt
bond, the AIM bond path between H ang 8 highly curved effects of electron correlation on theoretical valueddtNMR
and bowed toward the bond critical point of=C, as shown in chemical shifts, though small for normal hydrogen bonds, should
Figure 4. A conflict catastroptesimilar to that found in not be neglected in the study of strong hydrogen bonds. We
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TABLE 5: Calculated and Experimental NMR Chemical produce anisotropic paramagnetic effects along the axis of the
Shift and J-Coupling Data for C444C* hydrogen bond. Ditchfief proposed that the increase of the

o (ppm) anisotropy of the shielding tensor upon hydrogen bond formation

C444C atom expt calcd should be more revealing of the nature of the hydrogen bond

than the averagediso(*H) value. The shielding anisotropy will

gz 143.0 2&'3 0 be defined here ado = 0y — op, wheregy is the component

C, 131.7 130.2 of the tensor parallel to axis of the hydrogen bond ands

H 3.35 4.26 the average of the two perpendicular components.

Hy 5.42 5.86 We have found Ditchfield’s hypothesis to be true in a weaker
J(CaH) (H2) 118.9 three-centerfour-electron (3c4e) €EH*---C bond formed in
1J(Cy,Hy) (Hz) 143.5 137.7 the proton-bound dimer of Arduengo’s stable, singlet-carbene,

2The calculations were performed with the GIAO method at the _1,3-d|methyllmldazoI-Z-y_Ildené‘? As shown below, th_e Sh'eld'_
B3LYP/6-31G(d,p) level. and G are the bridgehead carbons. The g tensor of the proton in the hydrogen bond is oriented with
in-C,—H bond points toward the=C, double bond, where @lenotes its major ozz-axis along the almost linear-€H*---C axis of
the vinylic carbon, also bonded to the outside vinylic hydrogep, H the dimer. As seen from the data in Tablese(*H) falls from
b Expefim_entfll value from ref f-Calcu_l?lf_ionﬁ show tha'tgt(HILIS) in 6217m50fe 24.04 ppm in the monomeric imidazolium cation to 16.48 ppm
anisotropic electronic environment within the cage, witgH) = 27. upon the formation of the hydrogen bond. The anisotrdpy
aAr;%ﬁ(;(g) O_m;”es_ﬂu = 15.12. As a comparisonso(Hy) = 25.9, but - _ 5 ' of the tensor, howevemcreasesgrom 1.85 to 17.67
! o ppm. The diamagnetic componentg*H) of the tensors are
about the same, witbg(*H) = 31.56 and 33.17 ppm before
the 6-31G(d,p) basis set does a good, and computationallyand a+fter dmr_1er|zat|on, re.spectlvely. Since the |m|dgzol|um
economical, job in reproducing the availabfe andH NMR Ca—H bond IS elpnggteq in the hydrogen bond, this Increase
dn diamagnetic shielding is indicative of some accumulation of

experimental data for these molecules. We have also calculate -
the shielding tensor components, listed in Table 6, and examined.s'eleCtlron density on the proton due to charge transfer from the

their orientation in the molecular frame. No experimental in-plane lone pair of the singlet carbene. Accompanying the

: : o bove is a dramatic change in thg(*H) paramagnetic
information on shielding tensor components appears to be 2 A
available for the nuclei of atoms in these compounds. components, witk(*H) = —7.53 ppm before and16.69_ppm

IH NMR is sensitive to the nature and strength of hydrogen _after the hydrogen_ t_)ond develops. The latter _effect is due to
bonding. Proton chemical shifts are found further downfield induced currents arising from the carbon lone pair on the carbene

. - monomer fragment in the complex and is most important in
from TMS when a hydrogen atom is engaged in hydrogen o . .
bonding. In strong hy)(;roggn bonds(H) Ca?] gven be i)r/1 thg the deshielding of the proton in the hydrogen-bonded dimer.

range of 14-22 ppm38 Contrary to the situation in the more

find that the use of the B3LYP hybrid functional along with

common 3c4e hydrogen bonds, however, the signature of 3c2e Gy ?Ha
hydrogen bonding is a larggpfield shift with negative values CHa N
of 8(*H).1~2 An understanding of the causes of these differences N + 033
is available from analysis of orbital and topological features of [ > p—>-- "< j
the electron density across the respective hydrogen bonds. N\ oo N

In his early study of the water dimer, Ditchfi€ftrecognized CH, |
that the deshielding of the donor proton upon hydrogen bond CHg
formation is a result of two factors. First, there is loss of electron bis(1,3-dimethyl)imidazol-2-ylidene proton complex

density about the proton, arising from elongation of theHD

donor bond and charge transfer. We would also note for this  The situation in the 3c2e, intramolecular hydrogen bond of
factor that charge is transferred from the proton acceptor this study is, however, very different. Here, as a result of internal
molecule into the proton donor molecule. In NBO terms, an electron redistribution discussed in section 3.1 above and despite
intermolecular n(O)~ ¢*(O —H) interaction takes place in the the elongation of the £-H bond, the electron density in the
water dimer. In addition to weakening the donorB bond, atomic basin of the inside proton changes little upon protonation
electron density repolarizations occur that serve to change theof C444C. (AIM charge on H goes from 0.01 t€0.05.) As
charge on atoms of both molecules. Second, deshielding currentseen in the data listed in Table Gso(*H) of this proton rises
arising from the heavier atom of the impinging acceptor site from 27.47 ppm in the precursor to 35.66 ppm in C444CH
were shown to be more important than previously thought and This results on thé-scale in a negative value of the chemical

TABLE 6: NMR Shielding Tensors for the Hydrogen-Bonded Proton in C444CH" and the C,—H and Vinylic H, Protons in the
C444C Neutral Precursor

H aton? 011 022 033 Oiso Ao = o) — on (ofi] Op

proton cages

C444CH" 33.41 33.46 40.10 35.66 6.67 40.28 —4.63

C444C: inside H 20.35 24.50 37.55 27.47 15.12 37.43 —-9.97

C444C: vinylic H, 21.44 26.11 30.09 25.88 6.31 35.13 —-9.24
carbene dimer

1,3-dimethylimidazol-2-ylidene 8.50 12.68 28.26 16.48 17.67 33.17 —16.69

imidazolium monomer 20.45 25.27 26.39 24.04 1.85 31.56 —7.53

a Also shown for comparison are similar data for the 3c4eHZ---C hydrogen bond in a proton-bound carbene dimer 1,3-dimethylimidazol-
2-ylidene and the imidazolium monomer cation. Tensor principal components are ordered in the converion, < 033 and the anisotroppo
= gy — op, is defined parallel and perpendicular to thel@axis.oq andoy are the isotropic diamagnetic and paramagnetic contributions, respectively,
to oiso. Calculations performed with the GIAO method using B3LYP/6-31G(a,plydrogen bonded proton unless otherwise indicated.



Bonding Patterns in a Strong 3c2e-8---C H Bond

shift, 6(*H) = —3.90. The experimental value (Table 4)8.46
ppm1—3 Proton shielding is also reflected in the increase of the
diamagnetic component of the tensor, wit{*H) going from
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The signature, upfield and negatitd NMR chemical shift
of this 3c2e hydrogen bond is shown to be due to the above-
mentioned electron delocalization that produces nearly neutral

37.43 ppm in C444C to 40.28 ppm in the hydrogen bond. More atoms across £-H---C,. Even though bonded to two other
significantly, the paramagnetic component increases (decreasesarbons, the bridging H atom is thus essentially in theé 1s

in absolute value) fronw,(*H) = —9.97 to—4.63 ppm. Thus,
the anisotropyAc = 0 — op is larger before hydrogen bond

electronic configuration and the proton is highly shielded. The
AIM delocalization index of the connecting H atomic basin

formation: 15.12 ppm vs 6.67 ppm. This unusual feature can shows that, on the average, the approximate single electron pair
be traced to the anisotropic currents of the double bond presentshared in a covalent single-& bond (as in CHfor example)

in the C—H/x interaction in C444C as described above in section
3.2. In both C444C and C444CHthe largesiriss component

of the shielding tensor points along the,H axis. The
perpendicular components; ando,; are almost the same and
closer to the value afs3 in the very symmetric hydrogen bond
of C444CH". The anisotropy of thes(*H) shielding tensor is
thus lower in C444CH.

Experimental NMR information (Table 5) is also available
for some of the important atoms of C444C, including the vinylic
carbon, G, and its bound hydrogen, ,HThe inside hydrogen
is more shielded than Hby about 2 ppm. Thé3C NMR
chemical shift of the bridgehead carbon, Gf C444C is
significantly downfield from G even though both carbons
participate in the double bond and are approximately sp
hybridized. The gbridgehead is flat with the sum of bridgehead
carbon-carbon bond angles equal to 359.9he double bond
of our theoretical model, however, is found to be slightly twisted
out-of-plane and the atoms connected tp &e somewhat
distorted from planarity. The other bridgehead carbanbGund
to the inside proton is pyramidalized (sum of bridgehead
carbon-carbon bond angles, 343)7and hence more 38p
hybridized. This nucleus has a small calculad¢C,) of 29.4
ppm. We note that there are some unassigh&l NMR
chemical shifts in this area for this compound reported in the
Experimental Section of ref 1.

1J(C,H) couplings have also been meastiried the bridge-
head carbons of C444C and C444Cahd are listed in Tables
4 and 5, respectively. Our calculated value ¥#{(C,,H) = 44.9
Hz and1J(Cp,H) = 45.8 Hz in the C444CH model compares
well with the experimental value of 47.0 Hz. Our calculated
value of?")(C,,Cy) = 12.4 Hz could be of use in future studies,
using isotopic enrichment, of communication of bridgehead

is split equally between the atomic basins of the bridging carbons
in C444CH'.

Most of thelH and13C NMR properties calculated with the
B3LYP hybrid functional and the 6-31G(d,p) basis set are in
good agreement with experimental values where known. The
bridgehead carbons of C444Cidommunicate with one another
through the hydrogen bond, with a predic#d{C,,Cy) of 12.4
Hz and an AIM delocalization index of 0.15.

Changes in the anisotropy of tAel shielding tensor in the
formation of the 3c2e hydrogen bond of C444Céte opposite
to that predicted by Ditchfief for normal hydrogen bonds and
to that calculated and reported here for the 3c4eHC---C
hydrogen bond of a stable, proton-bound carbene dimer. These
results can be explained in terms of the very different electronic
environment near £-H before (C-H/x interaction) and after
protonation (nearly symmetric hydrogen bond) of the C444C
precursor.
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