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A systematic ab initio EOM-CCSD study &¥IN—*°N and**N—!H spin—spin coupling constants has been
carried out for a series of complexes formed from 11 nitrogen bases with experimentally measured proton
affinities. When these complexes are arranged in order of increasing proton affinity of the proton-acceptor
base and, for each proton acceptor, increasing order of proton affinity of the protonatédidhor, trends

in distances and signs of coupling constants are evident that are indicative of the nature of the hydrogen
bond. All two-bond spir-spin coupling constant€'y_y) are positive and decrease as the W distance
increases. All one-bond NH coupling constantsidy-n) are negativey-y are positive)1Jy-y is related

to the N-H distance and the hybridization of the donor N atom. One-boneN-toupling constants'{J,_y)

are positive {'Ky_n are negative) for traditional hydrogen bonds, Bi,_y becomes negative when the
hydrogen bond acquires sufficient proton-shared character. T &hd H--N distances at which'J,_y
changes sign are approximately 2.71 and 1.62 A, respectively. Predictions are made of the VAllyeg of
andJy-n, and the signs of'J4_y, for those complexes that are too large for EOM-CCSD calculations.

Introduction examining both one- and two-bond coupling constants as a
function of changing hydrogen bond type. In this paper we report
computed one-bondJy-n andJy_y) and two-bond {'Iy—n)
coupling constants, examine them as a function of hydrogen-
bond type, develop equations that correlate coupling constants
With corresponding distances, and use these to predict coupling
constants for larger complexes for which EOM-CCSD calcula-
tions are not feasible.

The first experimental measurement of two-bond sfsipin
coupling constants was reported by Dingley and Greziek in
1998! and marked the beginning of both theoretical and
experimental studies of two-bond spiapin coupling constants
across hydrogen bonds. Some of these studies are summarize
in recent review article$:1° In two early paperl1? we
examined spirspin coupling constants across-N—N and
N—H*—N hydrogen bonds in small neutral and cationic
complexes using ab initio equation-of-motion coupled-cluster Methods
techniques. In_t_hese and subseque_nt papers, we have demon- The structures of all monomers and hydrogen-bonded com-
strate_d the ability pf such calcula}tlons to_prowde values of lexes were optimized at second-order MgHBiesset perturba-
coupling constants in agreement with experiment and have use ion theory (MP239-23 with the 6-31+G(d,p) basis se¥27

these data to provide insight into the experimental findig¥ Vibrational frequencies were computed to verify that each

i\l/lqore_over, ;Ne havedbteenbablg todmalfje gen;e_rahzatlotns tabouécomplex is an equilibrium structure on its potential energy
€ signs of one- and two-bond re ulcée coupling constants andg, face. Spirrspin coupling constants were computed using the
relate these to hydrogen bond tyjSe!

Al equation-of-motion coupled cluster singles and doubles (EOM-
In the present paper we have significantly expanded ourstudyCCSD) method in the CI (configuration interaction)-like
of N—N and N-H coupling constants across N™—N

hvd bonds i S | - . b approximatiorr®-31 with the Ahlrich$? qzp basis set on C, N,
ydrogen bonds In cationic complexes. Eleven nitrogen bases,, ¢ atoms, and the qz2p basis set on the hydrogen-bonded

with known experimental proton affinities were selected, and hydrogen atom. The Dunning cc-pVDZ basis&&twas placed
nsinl_%tfﬁsﬁ t:()jases, t?)e 6(16 p055|blfe proté)nﬁtgd comp![eéetshm{[ltl'bn all other hydrogens. In the nonrelativistic approximation, the
ydrogen bonds were formed. 1t 1S expecte al total coupling constant] is a sum of four contributions: the
b_ecause these b_ases hydrogen bond ?“d protonate at the sa %ramagnetic spinorbit (PSO), diamagnetic spirorbit (DSO),
site, the base Wlth the lower protonation energy will be the Fermi-contact (FC), and spin-dipole (SD) terfissor some
proton acceptor in the hydrogen-bonded comﬁPeT(herefore, . complexes, the calculation of all terms is not feasible, so the
. . 9-C term has been used to approximatérevious studies of
protonation energy of the proton-acceptor nitrogen base and,N_N and N-H coupling across NH—N hydrogen bonds
for a given proton acceptor, increasing protonation energy of provide justification for this approximatiot.'> Geometry
the proton donor. Using this systematic grouping facilitates optimizations were carried out using the Gaussian 03 suite of
* Corresponding author. E-mail: jedelbene@ysu.edu programs®® and coupling constants were evaluated using ACES
Tyoungsptown Sgtate University. : ysu.edu: II.37_AII calculations were_performed on the Cray X1 or the
*CslC. Itanium Cluster at the Ohio Supercomputer Center.
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TABLE 1: Computed Electronic Protonation Energies and TABLE 2: N —N and N—H Distances (A) for Complexes
Experimental Proton Affinities (kcal/mol) of Nitrogen Baseg with Ng—H*™—N, Hydrogen Bonds
base —AH?298b —AEe complex N-N Ng—H H—Na
1.N; 118.0 121.6 1. Np#++H*++*N (Dooh) 2550 1.275 1.275
2. BN 132.5 136.3 2. BEN—H™-:N; 2.756 1.084 1.672
—C—C= 3. F-C=N—-H*-:N, 2.784 1.048 1.736
3N C=C N 161.3 160.3 4, N=C—C=N—-H"-:N, 2.776 1.051 1.725
4. F—C=N 168.9 167.6 5 H—G=N—H"*-+-N 5
_ .H-C=N—H":+:N, 815 1.044 1.771
5. H-C=N 170.4 178.1 6. H-C=C—C=N—H"--N 2.864 1.033 1.831
— — . — 2 . . .
6. H—C=E—C=N 179.5 183.4 7. HeC—C=N—H"++:N, 2.882 1.031 1.851
7. HC—C=N 186.2 189.8 8.1,3,5-triazine-H*+*N, 3.081 1.026 2.055
8. 1,3,5-triazine 202.9 204.9 9. HN—H*++*N, 3.107 1.029 2.078
9. HeN 204.0 214.7 10. pyrazine-H*+*N 3.101 1.025 2.076
10. pyrazine 209.6 216.5 11. pyridine-H*++-N; 3.132 1.021 2.111
11. pyridine 222. 229.6 12. EN—H*--:NF3(Cg,) 2.691 1.132 1.559
13. F-C=N—H*--:NF3 2.717 1.075 1.642
@ The electronic protonation energy, like the proton affinity, is defined 14. N=C—C=N—-H"---NF3 2.711 1.079 1.632
as the negative of the energy for the reactiontBH® — BH*. 15. H—CEN—HJ’"'NFs+ 2.774 1.061 1.713
b Experimental data from the NIST website, ref 38, except where noted. ig :;CCECC—_I\ICEI—:\l_HNE.NH g.g;‘rg i.ggfls i.ggg
: " HC—C=N—H*--NFs : : .
Reference 3¢ Reference 40. 18. 1,3 5-triazine H*++-NFs 3133 1.027 2.106
19. FeN—H*++-NF3 3.170 1.031 2.139
Results and Discussion 20. pyrazine-H*+-:NF3 3.156 1.025 2.131
21. pyridine-H*++*NF3 3.190 1.022 2.168
initi i 22. N=C—C=N-+*H"++*N=C—C=N (Dorp) 2.520 1.260 1.260
Proton Affinities of Nitrogen Bases. Table 1 reports the 58 FoCN—H e N=C O 56 1168 1368
computed MP2/6-3tG(d,p) electronic proton affinities{(AE) 24 H-C=N—H"---N=C—C=N 2583 1.122 1.461
of the 11 bases used to form the hydrogen-bonded complexes25. H-C=C—C=N—H*:-:N=C—C=N 2.632 1.084 1.548
and the corresponding experimental proton affinities %g Zhgcg%i’gllgeH;+Nﬁ=Cgf:=NN gg?i i-ggg igg%
(_AHZQB).38.*40 Because a hllgher level of theory tha.n. MP2/6' 28: H;N’*HJ“"NEC*CEN 2:893 1:041 1:852
31+G(d,p) is needed to obtain computed proton affinities which  29. pyrazine-H*---N=C—C=N 2.900 1.035 1.865
are in better agreement with experimental values, only electronic gg g{'“él”ﬁ"'};"’\‘,\lzfc—_cfg 3-2‘1‘8 iggg igég
protonation energies are reported in Table 1. The computed 35’ H—CEN—H+---N;C—F( ) 2554 1143 1411
protonation energies are greater than the experimental proton33. H-C=C—C=N—H*--:N=C—F 2.597 1.099 1.498
affinities except for NG-CN and F-CN, which are lower by 1 2451 ;bggEFN_—H;:'N’TCEFF g-ggg i-gig }?gg
. . . . 1,5,0-triazine s N=C— . . .
kcal/mol. The computed protonatlon energies W!|| be lowered 36, FoN—H"*+--N=C—F 2847 1045 1.802
when the sum of zero-point and thermal corrections are made 37. pyrazine-H+---N=C—F 2.852 1.038 1.814
to convert—AEe to —AH2%. Nevertheless, a linear relationship 33- mgyﬁH;I'N’\EIEEFH O g-ggg %-ggg %-ggg
. . . : _ =N-++H*++-N=C—H (Dup, _ i _
(with a correlatlon_ coefﬁmen_t of 0.99_0) exists betwee_n the 40 W C=C_C=N_H"--N=C-H 5568 1126 1442
computed electronic protonation energies and the experimental41. H,c—Cc=N—H*---N=C—H 2,595 1.105 1.490
proton affinities. 42.1,3,5-triazine H*-+-N=C—H 2.804 1.047 1.757
43, HgN—H*--:N=C—H 2.829 1.049 1.780
Structures of Hydrogen-Bonded Complexes.Ta.b'Ie . 2 44. g’,razineH+...NEc_H 2.834 1.042 1.792
provides N-N, Ng—H, and H-N, distances for the equilibrium 45, pyridine—H+---NEC+—H 2.872 1.036 1.836
structures of the 66 hydrogen-bonded complexes withH\ — 46. H=C=C—C=N--H"-N=C~C=C—H (D) 2512 1256 1.256
hyd bonds that can be formed from the 11 bases listed aa’ 1y & e i e 2599 1136 1419
Na hydrogen 48. 1,3 5-triazine H+++-N=C—C=C—H 2763 1.053 1.710
in Table 1. In this notation, N-H is the shorter N-H distance 49. eN—H*+-*N=C—C=C—H 2.793 1.054 1.739
—Hi 50. pyrazine-H*++:N=C—C=C—H 2.796 1.046 1.750
Sl'NTol H2|s the protont QOEo(ri) and al\kl)s tf&e protgn gccet;;t;;;dln 21, pyridine. H*-N=C_C=C_H 5836 1038 1798
aple Z, nonsymme I’IC_ yarogen bonds are ¢S|g_na 52. HC—C=N:-+-H*+-*N=C—CHs (Dag) 2514 1.257 1.257
-*N, whereas symmetric hydrogen bonds are indicated-as N  53. 1,3,5-triazineH*+-:N=C—CHj 2.734 1.060 1.674
H*-:N. The listing of complexes in Table 2 is in order of 5% gzl'?'a—zmgﬁ’}jzﬁ;%"_'sw orea 1058 1192
increasing computed protonation energy. Thus, the first group gg’ pyridin&H+...NEC_CHj 2,806 1.043 1.763
of complexes are those formed from the weakest bag€el e 57. 1,3,5-triazine H*+++1,3,5-triaziné 2.672 1.107 1.565
first complex is the protonatedMimer (NN---H*---NN), which gg- ;h:aN;:E;;l,i,g-gl?rz;ngne g;gg i.ggi i.gg
: e . pyrazi +++1,3,5-triazi . . .
has a symmetric N-H*---N hydrogen bond. 'I_'he nex_t 10 &o pyridine-H*+++1,35-triazine 2771 1.064 1.707
complexes have Nas the proton acceptor, consistent with the  61. NjN—H™++-NH3(Ca,) 2.704 1.113 1.591
fact that the hydrogen-bonded proton is covalently bonded to g%- pyr%Z_lne:r"NN':is g;ég i-ggg %.ggz
: : : : _63. pyridine-H"+--NH3 . . .
the_ stronger base, an_d are listed in order of increasing proto- g’ pyrazine-H*---pyrazine 5644 1121 1.523
nation energy of the nitrogen base that acts as the proton donor ss. pyridine-H*---pyrazine 2.701 1.085 1.616
The first group of complexes illustrates quite well that as the 66. pyridine-H*---pyridine 2.638 1.119 1.519
difference between the protonation energies of the two bases aThe shorter N-H distance is indicated as-N; the longer as H-N
increases, the NN distance tends to increase while thg-¥ for an Ny—H--*N, hydrogen bond® The equilibrium structures of

distance decreases. This indicates that, in general, as thecomplexes 57 through 66 ha, symmetry with the two aromatic
difference between the proton affinities of the hydrogen-bonded fings lying in perpendicular planes.

nitrogen bases increases, the hydrogen bond loses proton-shared

character and acquires characteristics typical of a traditional all of these complexes, the proton donorié the base with
N—H*---N hydrogen bond. Such structural changes have a the greater computed protonation energy.

significant influence on both one- and two-bonetN and N—-H One- and Two-Bond Spin-Spin Coupling Constants.
coupling constants, as will be evident from the discussion below. Computed one-0y—4 and Jy_y) and two- ghJy—n) bond
Following the 11 complexes withNare the 10 complexes with  spin—spin coupling constants and Fermi-contact terms are
NFs3, followed by the 9 complexes with NCCN, and so on. In reported in Table 3. Total coupling constants or Fermi-contact
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TABLE 3: Fermi Contact Terms and Total Coupling Constants (Hz) for One-Bond ((Jy—n and 1hJy_y) and Two-Bond @Jy_n)
Couplings Across N-H*—N Hydrogen Bonds!

Complex FC 2h.JNfN FC lJNfH FC 1h‘]H7N
1. NpeeeH*++*N, 28.5 28.6 -57.0 -57.5 -57.0 —57.5
2. BEN=H"..N, 15.0 15.1 —120.1 —121.6 1.9 14
3. F-C=N—H"-*N, 14.6 14.6 —149.5 —149.6 0.6 0.2
4. N=C—C=N—H*-N, 141 141 —140.7 —140.6 0.5 0.1
5. H—C=N—-H*--:N; 121 121 —138.1 —138.3 1.5 11
6. H—-C=C—C=N—H**N, 10.4 10.5 —145.0 —144.9 21 1.7
7. H;C—C=N—H*--N, 9.6 —141.2 2.3
8. 1,3,5-triazine-H*++*N, 3.6 -94.9 3.0
9. HN—H*--*N, 3.2 3.2 —74.2 —75.6 3.0 2.6
10. pyrazine—H"-**N, 3.4 -92.9 3.0
11. pyridine-H*++*N, 3.0 -92.5 2.7
12. BN--+H"+-:NF3 25.9 —103.0 —6.0
13. F—C=N—-H"---NF; 24.0 —136.3 —-4.3
14. N=C—C=N—H"---NF; 229 —127.6 —-4.6
15. H-C=N—H*---NF3 18.4 —130.7 —-1.0
16. H-C=C—-C=N—-H*--:NF3 14.9 —141.1 1.2
17. lC—C=N—H"-+-NF3 13.3 —138.2 1.7
19. kN—H*++-NF3 3.8 —73.6 3.0
22. N=C—C=N:+-H*+-*N=C—C=N 34.3 34.4 —58.8 —58.9 —58.8 —58.9
23. F—-C=N—H"-:\N=C—-C=N 34.4 34.5 —95.3 —95.3 —30.9 —-31.1
24, H-C=N—H"---N=C—-C=N 27.2 27.3 —106.4 —106.7 —14.8 —15.1
25. H—-C=C—C=N—-H"--:\N=C—-C=N 23.7 —123.8 —-5.9
26. kC—C=N—H"+-\N=C—-C=N 215 —124.3 —3.3
28. EN—H"+--N=C—-C=N 7.6 —73.5 5.0
31. F—C=N-+-H"---N=C—F 39.6 39.6 —62.7 —62.7 —62.7 —62.7
32. H-C=N—H*:--N=C-F 315 315 —97.9 —98.1 —22.6 —22.6
33. H-C=C—-C=N—-H*:--N=C-F 27.9 -117.5 —10.2
34. HLC—C=N—H*---N=C—F 25.2 —119.5 —6.3
35. 1,3,5-triazine H*+--N=C—F 10.3 —93.3 5.4
36. HEN—H*---N=C—F 9.2 —73.1 55
39. H—C=N--+H"--:\N=C—H 32.5 325 —56.6 —56.9 —56.6 —56.9
40. H-C=C—-C=N—-H*---N=C-H 28.4 28.4 —105.5 —105.4 —16.9 —17.2
41. HLC—C=N—-H*---N=C—-H 25.4 255 -111.4 —-111.5 —10.6 —10.9
42.1,3,5-triazineH*+--\N=C—H 10.3 -92.6 4.7
43. HEN—H"--:N=C—H 9.3 9.3 —72.7 —73.8 4.9 4.6
44, pyrazine-H"+--N=C—H 9.4 —91.6 5.0
45. pyridine-H*++-N=C—H 8.2 -92.0 51
46. H-C=C—C=N-:-H*:-:\N=C—-C=C—H 345 —57.9 —57.9
47. HLC—C=N—H*:--N=C—-C=C—H 29.3 —98.8 —19.6
49. EN—H*--:N=C—-C=C—-H 10.6 —72.0 5.0
52. HiC—C=N:-++H*+-:N=C—CHjz 33.0 —56.0 —56.0
54, N—H"+*N=C—CH, 11.6 —-71.1 4.5
58. HeN—H*+++1,3,5-triazine 12.5 —64.6 0.9
61. NsN—H*---NH3 12.9 12.9 —60.5 —61.1 —-0.1 -0.3
62. pyrazine-H*-+-NHjs 12.6 —80.3 1.2

aThe numbering of complexes refers to Table 2.

terms have been computed for 45 of the 66 complexes listed inpositive 1"Jy_y is indicative of a traditional hydrogen bond,
Table 3. Although some of the 45 complexes listed in Table 2 whereas negativiJ,_y indicates some degree of proton-shared
contain one aromatic ring, the 21 complexes not listed are thosecharacter.
with one aromatic ring and eith&s symmetry or more than The first set of complexes in Table 3 are the 11 complexes
two nonhydrogen atoms in the proton-acceptor molecule, or formed with the weakest base,NThe coupling constants
complexes with two aromatic rings. Computing EOM-CCSD  computed for these complexes illustrate some important features
coupling constants for these complexes is either not feasible orthat are evident throughout other series as well. The first
too expensive. One-bond-AH and two-bond NN coupling  opservation is that the Fermi-contact term is an excellent
constants will subsequently be predicted for these complexes.approximation to?hJy_y, because the difference between FC
Before analyzing the data of Table 3, three important and2nJy-y does not exceed 0.1 Hz. (In the remainder of this
generalizations made_ pre_\/lously concerning the signs of reducedpaper, FC and"Jy—n will be used interchangeably.) Moreover,
one- and two-bond spinspin coupling constants across-K—Y the FC term is also a very good approximatioAJe-;, because

hydrogen bonds (for X, ¥=13C, N, 1’0, and'%F) should be the largest difference between these two terms is 1.4 Hz for
recalled and applied to the complexes investigated in this study. HsN—H*---N, whenJy_y is —75.6 Hz. Finally, the FC term

(1) All reduced two-bond coupling constanf&Ky_y) are and J,_ pass through zero and thus change sign as the
positive, except for?"Je_¢ for the equilibrium structure of  difference between the proton affinities of the two nitrogen bases
(HF)2.28 Thus, all2hJy_y listed in Table 3 are positive. increases going down the series. This sign change is indicative

(2) All reduced one-bond coupling constani,(_y) are of a change in hydrogen-bond type from proton-shared to
positivel” Because the magnetogyric ratio BN is negative traditional.
and that of'H is positive, all'Jy— are negative. The first complex in each series is the protonated dimer and

(3) All reduced one-bond coupling constant&g_y) are always has the largest N coupling constant because its

negative for traditional hydrogen bonds but positive for hydro- hydrogen bond has the greatest degree of proton-shared
gen bonds with sufficient proton-shared charaétefhus, character. ThughJy_y for the protonated Ndimer is 28.6 Hz,
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compared to 15.1 Hz fordN—H"--*N;, the next member of -
the series. As the proton-shared character of the hydrogen bond
tends to decrease and the-N distance increases in this series,
2hjy_n decreases, as observed previously. The last member of
the series, pyridine-H--N, has2Jy_y equal to only 3.0 Hz. %
For the protonated Ndimer, there is no distinction between
Un-n and®hJy_y because the hydrogen bond is symmetric. The
value of these two terms i557.5 Hz, much less thar150.1
Hz, the value ofty_y for No—H™. The remaining complexes 15
with N as the proton acceptor have much larger valués\ofy,
which range from—150 to —76 Hz. The large range reflects
the dependence dfly—y on the nature of the proton donor
molecule. For exampleldy—y is —149.3 Hz for protonated 0
HCN, —91.6 Hz for pyridinium (FC term) ane-75.1 Hz for Hooowmooww s e e
ammonium. Except for the protonated timer,"J,_y is smalll
(less than 3.0 Hz) an.d. positive for "".". other ch)rmpIexes, indicating Figure 1. 2"Jy_y versus the N-N distance for all complexes. The
:)hoar:dtshese are stabilized by traditiona-N"---N hydrogen numbers on the graph refer to the numbers of the complexes in Table
. 3.
Following the series of complexes with BlEs the proton
acceptor are those with NCCN. This series illustrates quite nicely
a gradual change in hydrogen bond type, as evidenced by * .
changes in coupling constants. The first complex in this series, ®
NCCN---H*+--NCCN has a symmetric, proton-shared hydrogen
bond. This is evident from"Jy_n which has a value of 34.4
Hz, and from the values dfly_y and "Jy_n which are both R
negative and equaH58.9 Hz), and much less in absolute value
thantJy—n for NCCNH" (—154.5 Hz). The next two complexes,
F—CN—HT"--*NC—CN and H-CN—H*--:NC—CN are stabi- i
lized by hydrogen bonds that have significant proton-shared
character?\Jy_y is large for both complexes (34.5 and 27.3
Hz, respectively), and bothly_y and "Jy_y are large and s
negative. HoweverlJy_y is significantly greater thad"Jy_y .
in each complex. The hydrogen bonds in the next two

35

R(N-N) A

30

24 25 26 27 28 29 3 3.1 32

complexes, HCC—CN—H*:--NC—CN and HC—CN—H*-- RON-N) A

;hNC—CN have significantly less proton-shared character. Thus, ¢ ;e 2. 2, y versus the NN distance for all complexes except
JUu—n decreases to 23.7 and 21.5 Hz, respectivély, those with NE as the proton acceptor.

increases and approaches the value for the proton donor

monomers, wherea¥Jy_y decreases te-5.9 and—3.3 Hz, A plot of 2"Jy_y versus the N-N distance is shown in Figure

respectively, but remains negative. The last complex in this 1 Although these variables are obviously correlated, the cor-

series, HN—H"--*NC—CN has a traditional NH*--:N hy- relation coefficient is only 0.933. Closer examination of Figure

drogen bond with a relatively small-\NN coupling constant of 1 shows that there are a set of points which lie significantly

7.6 Hz.%Jy- approaches the value forsN—H*, and"J,—y above the best-fit curve. These points are labeled and comprise

is small and positive. Thus, this series of complexes illustrates the set of complexes with NFas the proton acceptor. Nis

quite well how one- and two-bond coupling constants character- an electron-rich small molecule. The electron-withdrawing

ize hydrogen bond type. effects of the three fluorines on the N atom significantly lower
The coupling constants for the next two series of complexes its electron density to the extent that the proton affinity obkNF

in which F—CN and H-CN are proton acceptors show similar is similar to that of bases with sp hybridized N atoms. How the

behavior. There are seven complexes with HCN. The first, the nitrogen electron density changes in both the ground and excited

protonated HCN dimer, has a symmetric hydrogen bond, the states of hydrogen-bonded complexes influences the computed

complexes with HCC—CN—H" and HC—CN—H" have values of2"Jy_y, a second-order property. Removal of com-

proton-shared hydrogen bonds, whereas the remaining fourplexes 12-17 and 19 results in the plot shown in Figure 2,

complexes with HIN—H* and the three protonated aromatic Which has an improved correlation coefficient of 0.981.

rings (1,3,5-triazinium, pyrazinium, and pyridinium) are stabi-  The trendline shown in Figure 2 is a decaying exponential
lized by traditional hydrogen bonds. The protonated dimers of
H—CC—CN and HC—CN have symmetric hydrogen bonds, 2"JN,N = 795579 exp{-3.986&R) (2)

whereas that of Nklis asymmetric, but proton-shared. (The
Daq structure that has a symmetrie-ANH*++:N hydrogen bond  whereR is the N-N distance. (This equation gives a slightly

has values of?Jy-n and *Jy-n of 17.2 and —26.6 Hz,  petter fit than a second-order curve.) In a sense it is amazing
respectively, at an NH distance of 1.299 A) that an equation that depends only on theNdistance can fit
In a previous study we were able to relate the valué8qf \ the computed NN coupling constants so well, because for a

to the N-N distance for a set of 5 neutral and 8 protonated given N—N distance2"Jy_y also depends on the-NH distance.
complexes, including complexes 9,485, and 61. Can asimilar ~ However, the N-N and N—H distances are closely correlated
relationship be established betweéty_n and the N-N in the equilibrium structures. Equation 1 can be used to predict
distance for the 45 cationic complexes investigated in this study?the values of"Jy_y for the 21 complexes for which coupling
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TABLE 4: N —N and N—H Distances (A) and Predicted Two-Bond $"Jy_y, Hz) and One-Bond &Jy_, Hz) Coupling Constants
Across N-H*—N Hydrogen Bonds

ordef no./compleX R(N—N) 2N R(N—H) Ln-pd
1 30. pyridine-H*+--N=C—C=N 2.940 6.5 1.030 —-91.9
2 29. pyrazine-H"+--N=C—C=N 2.900 7.6 1.035 —-92.3
3 38. pyridine-H*+-:N=C—F 2.890 7.9 1.033 —-91.7
4 27.1,3,5-triazineH*+--N=C—C=N 2.871 8.5 1.039 —94.0
5 37. pyrazine-H*---N=C—F 2.852 9.2 1.038 —92.0
6 51. pyridine-H*+-*N=C—C=C—-H 2.836 9.8 1.038 —91.1
7 56. pyridine-H*---N=C—CHjs 2.806 11.0 1.043 —90.6
8 50. pyrazine-H"+--N=C—-C=C—H 2.796 11.5 1.046 —91.0
9 60. pyridine-H"---1,3,5-triazine 2.771 12.7 1.064 —86.9
10 63. pyridine-H*--*NH3 2.767 12.9 1.073 —84.8
11 55. pyrazine H*+-*N=C—CHs 2.766 12.9 1.052 —90.1
12 48. 1,3,5-triazineH*--*N=C—-C=C—H 2.763 13.1 1.053 —92.2
13 53. 1,3,5-triazineH*--*N=C—CHg® 2.734 14.7 1.060 —90.9
14 59. pyrazineH*---1,3,5-triaziné 2.723 15.3 1.081 —83.8
15 65. pyridine-H*+--pyraziné 2.701 16.8 1.085 —81.5
16 57.1,3,5-triazineH"+-+1,3,5-triazine 2.672 18.8 1.107 —77.8
17 64. pyrazineH*---pyrazine 2.644 21.0 1.121 —69.9
18 66. pyridine-H*---pyridine 2.638 215 1.119 —69.3

aThe complexes are listed in order of decreasingNNdistance? Complexes and number corresponding to TableRredicted value from eq
1. 9 Predicted value from eq 3.Complexes with N-N and/or H-N distances at whicHJy_n changes signt"J,—y is predicted to be positive for
complexes listed above these, and negative for those below.

constants were not computed, and these values are given inTABLE 5. N —H Distances (A) and Fermi-Contact Terms
Table 4. The value of"Jy_y for an N—N distance of 2.90 A (FC, H2) for Protonated Bases
obtained from eq 1 is 7.6 Hz, consistent with the value of about base R(N—H) FC

7 Hz reported experimentally for the-NN coupling constant 1. N=N—H* 1.038 —149.8
across the N-H---N hydrogen bonds in the GC and AT base 2. REN—H* 1.045 —130.4
pairs at the same distantédopefully, these predictions will 3. NEC—CEN:H+ 1.016 —163.4
be tested experimentally. g- E—_%E:'\l\'l—_"'; i-gi? :iig-g
For all complexes listed in Table Bly—n values are negative. 6 H— ;C_ —N_H* 1012 1530

In general, the magnitude éﬂw will be similar to the 7. H-C—C=N—H"* 1.012 —147.9
magnitude of the corresponding protonated proton donor 8. 1,3,5-triazine-H* 1.020 —94.2
monomer when the hydrogen bond is traditional, but much less 9. HN—H* 1.023 —735
than that value as the proton-shared character of thElN-N 10. pyrazine-H* 1.019 —92.2
11. pyridine-H* 1.017 —91.6

hydrogen bond increases. For example, the FC terr1i49.0
Hz for HCNH*, —138.1 Hz for the traditional hydrogen bond  sg? hybridized nitrogens, eq 3 has been used to predict values
in HCNH*++*Np, —97.9 Hz in HCN-H"--:NCF which has a  of 1Jy_y, and these are also given in Table 4. The corresponding
hydrogen bond with significant proton-shared character, and second-order curve is shown in Figure 3. It should be noted
—56.6 Hz for the symmetric hydrogen bond in HENH - that the range 0dR values used to derive eq 3 is 0.074 A, but

NCH. For complexes in which the protonated base contains anthis equation has been used to predict coupling constants for
sp-hybridized N atom, there is a linear relationship between the §R as large as 0.10 A. The predicted values are most probably
change in the monomer-H distance ¢R, A) and the change  reasonable. However, this equation would not predict a reason-

in the FC term §FC, Hz) for N—H coupling. able value oftJy-y for the transition structure of a protonated
azine dimer because the curvature of the trendline is not correct
sp:  OFC= —3930R) 2 at large values 0bR. (OR is 0.265 A for theDyq structure of

- h 1,3,5-triazi imer.
However, when the N atoms are2spr sp@ hybridized, the the protonated 1,3,5-triazine dimer.)

relationship is quadratic. SRwn (A)
st OFC=—1940.50R? — 3L.7¢R) + 1.1 3) Joe—_ 7 T = 7"
sph.  OFC= —1206.40R)* — 51.70R) + 1.1 (4) 2 s
The coupling constant for the complex is then given as 4
FC.=FC, — oFC (5) *

S8FCnu (Hz)

where FG and FG, are the Fermi-contact terms in the complex
and corresponding proton-donor monomer, respectively. The 10
correlation coefficients for eqs-24 are 0.993, 0.995, and 0.994,
respectively. The NH distances and the computed FC terms
for the monomers are given in Table 5. ”
~The complexes listed in Table 4 that were not subjected t0 gjgyre 3. Change in the FC term for-NH coupling versus the change
direct EOM-CCSD calculations are those with a protonated in the N—H distance in complexes relative to the correspondirfy sp
aromatic ring as the NH donor. Because these complexes have proton donors (eq 3).

-12
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TABLE 6: Computed EOM-CCSD and Predicted N—N and 32 L : L L L L L L '
N—H Coupling Constants (Hz) for Complexes with
(CH3)H,N—HT as the Proton DonofP

computed predicted

3.1 1 r

complex R(N—N) (A) 2]y 23y
(CH3)HaN—H*+++N; 3.145 2.6 2.9 3] g
(CH3)H:N—H*---NCF 2.890 7.6 7.9
(CH3)HaN—H*+--NCH 2.875 7.6 8.4 1
(CHa)HN—H*+-*NH3 2.776 12.4 12.4 29 )
computed predicted z . ] [
complex R(N—H) (A) In-n LIN-H z ¥
(CH)HN—H*N,  1.028 ~73.7 ~73.7 g o)
(CH3)H:N—H*-+-NCF  1.039 —73.6 -72.9 4 = s
(CHg)HN—H*+-NCH  1.042 -73.4 -72.6
(CHa)H:N—H*-+:NH;  1.080 —67.1 —67.2

aThe N-H distance in (CH)H.N—H" is 1.023 A andJy_y is —72.9
Hz. ?Values of'"Jy_y are positive for these complexes.

EOM-CCSD FC terms have been computed for all complexes
with H3N—H™ as the proton donor, and these are given in Table ,
3. Equation 4 is a second-order equation that relates the change 4 12 13 14 15 16 17 18 18 2 21 22
in the N—H distance in complexes withgl—H™ as the proton RE-N) )
donor to changes ify— (as approximated by the FC term). Figure 4. Signs of!"J,_y as a function of N-N and H--N distances

As a test of this_equation, one-bond-N cou_pling constants (A). Data from Table 3. Key: M) 1"J;_y negative; ®) "J,_y positive.
have been predicted for four complexes with @HHN—H™

as the proton donor: (CHHN—HT++-Np, (CHz)HN—H+--
NCF, (CH)H.N—H*+-:NCH, and (CH)H.N—H"*+::NHs. The
predicted N-N coupling constants obtained from eq 1 and FC
terms for N-H coupling from eq 4 are given in Table 6, along  jncreases. However, these two situations can be differentiated
with the directly computed EOM-CCSD FC terms for these by the value of2"Jy_y. On the basis of Figure 4, complexes
complexes. There is good agreement between the predicted and_ 1 in Table 4 are p.redicted to ha¥dy_y positive, whereas
computed N-N and +N_H coupling constants. The protonated  complexes 1618 appear to have sufficient proton-shared
dimer, (CH)HN—H"--NH5(CHs) has N-N and N-H dis- character to mak&\J,_y negative. Complexes $315 lie near

tances of 2.704 and 1.113 A, respectively. The predictetN o crossover point, and\Jy_y should be close to 0 Hz for
and N-H coupling constants aret16.6 and —59.5 Hz, these.

respectively.

Because none of the complexes in Table 4 hgve Symmetric conclusions
hydrogen bonds, values &fJy_n should be relatively small.
Examination of both structural data in Table 2 and coupling A Systematic ab initio study dfN—'N and**N—*H spin—
constants from Table 3 suggests that some of the complexes irSPin coupling constants has been carried out for a series of
Table 4 have traditional hydrogen bonds, whereas the hydrogencomplexes formed from 11 nitrogen bases with experimentally
bonds in others have acquired some proton-shared charactermeasured proton affinities. When these complexes are arranged
This implies that the sign of'Jy_n will be positive for some in order of increasing proton affinity of the proton-acceptor base
complexes and negative for others. Figure 4 shows the signs ofand, for a given proton acceptor, increasing order of proton
1hg,,_ for the 38 complexes listed in Table 3 plotted on a two- affinity of the protonated N-H donor, trends in distances and
dimensional grid as a function of AN and H--N distances. signs of coupling constants are evident that are indicative of
The perpendicular lines separate complexes with positive valuesthe nature of the hydrogen bond.
of 1nJ,,_y in the upper-right quadrant from those with negative 1. All two-bond spin-spin coupling constant$'0y-) are
values ofthJ,_y in the lower left. The points in the upper right ~ positive and decrease as the-N distance increases.
are associated with complexes that are stabilized by traditional 2. All one-bond N-H coupling constantsidy-) are negative
hydrogen bonds, as indicated by a positive sign 48y (*Kn-n are positive). When the hydrogen bond is symmetric,
(*"Ky—n is negative). It is interesting to note that these points the absolute value ofJy-n is much less than it is in the
lie on a straight line that has a correlation coefficient of 0.993. protonated N-H donor monomer. For complexes in which an
Those complexes in the lower left quadrant have enough proton-sp hybridized N atom is the proton donor, changedJia
shared character to mak8,_y negative {'Ky_y positive). The upon complex formation are linearly related to changes in the
best first-order fit of the data points only has a correlation corresponding N-H distances. When the nitrogen of the proton

1.62 A, respectivelyJy_y will be close to 0 Hz, and not
experimentally detectable. However, it should also be noted that
1h3,_\ approaches zero asymptotically as the-MW distance

coefficient of 0.87, reflecting the sensitivity 6fJy_y to the donor is spor sp hybridized, changes itiy—n are quadratically
nature of the base and the short-N and H:+N distances in related to changes in the corresponding i distances.

this region. Figure 4 indicates that the-N and H--N distances 3. One-bond H-N coupling constantst{Jy—n) are positive

at whichhJ,_y changes sign are approximately 2.71 and 1.62 for traditional hydrogen bonds but become negative when the
A, respectively. Thus, complex 61 §N—H*+--NHs) is just on hydrogen bond acquires sufficient proton-shared character. The

the proton-shared side of this intersection with,_y equal to N—N and H--N distances at which a change of sign occurs
—0.3 Hz, and complex 62 (pyrazinetH-NHs3) lies just on the are approximately 2.71 and 1.62 A, respectively.

other side of this intersection witfJy_y equal to 1.2 Hz. For 4. The equations developed in this study from relationships
complexes with N-N and N-H distances close to 2.71 and between coupling constants and distances can be used to predict
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values of 2\Jy_y and Jn-p, and the sign ofthiy_y, for
complexes that are too large for EOM-CCSD calculations.

Acknowledgment. This work was supported by a grant from

the U.S. National Science Foundation (NSF CHE-9873815) and
by the Spanish DGI/MCyT (project no. BQU-2003-01251). The
authors gratefully acknowledge this support, and that of the Ohio g

Supercomputer Center.

Supporting Information Available: Full reference citations

for refs 36 and 37. This material is available free of charge via 5,

the Internet at http://pubs.acs.org.

References and Notes
(1) Dingley, A. J.; Grzesiek, S. J. Am. Chem. Sod998 120, 8293.

(2) Contreras, R. H.; Peralta, J. E.; Giribet, C. G.; Ruiz de Azua, M.

C.; Facelli, J. CAnnu. Rep. NMR Spectros200Q 41, 55.

Del Bene and Elguero

(14) Del Bene, J. E.; Elguero, J. Phys. Chem. 2005 109, 10759.
(15) Del Bene, J. E.; Elguero, J. Phys. Chem. 2006 110, 1128.
(16) Del Bene, J. E.; Elguero, Magn. Reson. Chen2004 42, 421.
(17) Del Bene, J. E.; Elguero, J. Am. Chem. So2004 126, 15624.
(18) Del Bene, J. E.; Elguero. J. Phys. Chem. 2004 108 11762.
(19) Chan, B.; Del Bene, J. E.; Elguero, J.; RadomJ.LPhys. Chem.

A 2005 109 5509.

(20) Pople, J. A.; Binkley J. S.; Seeger, Rt. J. Quantum Chem.

uantum Chem. Symf976 10, 1.

(21) Krishnan, R.; Pople J. Ant. J. Quantum Chen1978 14, 91.
(22) Bartlett, R. J.; Silver, D. M..JChem. Phys1975 62, 3258.
(23) Bartlett, R. J.; Purvis, G. Dnt. J. Quantum Chen1978 14, 561.
(24) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Phys1982 56,

57.

(25) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 238 213.
(26) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer P. v. R.

J. Comput. Cheml982 3, 3633.

(27) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.

J. Comput. Cheml983 4, 294.

(28) Perera, S. A,; Sekino, H.; Bartlett, RJJChem. Phys1994 101,

2186.

(29) Perera, S. A.; Nooijen, M.; Bartlett, R. J. Chem. Phys1996
104, 3290.

(30) Perera, S. A.; Bartlett, R. J. Am. Chem. Sod 995 117, 8476.
(31) Perera, S. A.; Bartlett, R. J. Am. Chem. Sod 996 118 7849.
(32) Schéer, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571.
(33) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(34) Woon, D. E.; Dunning, T. H., Jd. Chem. Physl995 103 4572.
(35) Kirpekar, S.; Jensen, H. J. Aa; Oddershed€hkm. Phys1994

(3) Limbach, H.-H., EdMagn. Reson. Cher2001, 39 ( Special issue
on NMR Spectroscopy of Hydrogen-Bonded Systems).

(4) Elguero, J.; Alkorta, 1Int. J. Mol. Sci.2003 4, 64.

(5) Grzesiek, S.; Cordier, F.; Dingley, A.Biol. Magn.Reson 2003
20, 255.

(6) Contreras, R. H.; Barone, V.; Facelli, J. C.; Peralta, JAlnU.
Rep. NMR Spectros2003 51, 167.

(7) Pecul, M.; Sadlej, J. IrComputational ChemistryReviews of
Current TrendsLeszczynski, J., Ed.; World Scientific Publishing Co. Pte., 188 171.
Ltd.: Singapore, 2003; Vol. 8. (36) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA,

(8) Kaupp, M., Binl, M., Malkin, V. G., Eds.Calculation of NMR 2004.
and EPR ParameterdViley-VCH: Weinheim, 2004. (37) Stanton, J. F.; et al. ACES Il a program product of the Quantum

(9) Grzesiek, S. Cordier, F.; Jaravine, V.; Barfield, Frog. Nucl. Theory Project, University of Florida.
Magn. Reson. Spectras2004 45, 275-300. (38) Linstrom, P. J., Mallard, W. G., EdBIIST Chemistry Webbopk

(10) Del Bene, J. E. IrCalculation of NMR and EPR Parameters
Kaupp, M., Bihl, M., Malkin, V. G., Eds.; Wiley-VCH: Weinheim 2004;
pp 353-370.

(11) Del Bene, J. E.; Bartlett, R. J. Am. Chem. So200Q 122, 10480.

(12) Del Bene, J. E.; Perera, S. A.; Bartlett, RMagn. Reson. Chem
2001 39, S109.

(13) Del Bene, J. E.; Elguero, J. Phys. Chem. 2005 109 10753.

and Technology: Gaithersburg, MD, 20899, March 2003 (http://web-
book.nist.gov.)

(39) Hiraoka, H.; Nasu, M.; Fujimaki, S.; Yamabe, B.Phys. Chem
1995 99, 15882.

(40) Shoeib, T.; Gorelsky, S. I.; Lever, A. B. P.; Siu, K. W. M.;
Hopkinson, A. C.norg. Chim. Acta2001, 315, 236.

NIST Standard Reference Database No. 69; National Institute of Standards



