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Abstract: Deuterium isotope effects on chemical shif8C(OD),have been measured in a series-bf/droxy

acyl aromatics of the type 2-hydroxyacetophendheaqd 1,3,5-triacetyl-2,4,6-trihydroxybenzers}. (?AC-

(OD) increase as the number of neighboring hydrogen-bonded moieties increase. The calculated molecular
ab initio geometries with Density Functional Theory(BPW91/6-31G(d(p)) (5D) with p functions on the chelate
protons only) show a large increaseRay in going from1 to 3 and a large corresponding decrease in the
C=0-:-H—0 distance.Ro...0, Aop---0, Ron---0, as well aRon andRe—o correlate linearly as d@AC(OD) and

Ro..o. The nuclear shieldidgand the first derivative of th&C nuclear shielding with respect to O-H bond
stretching, (d/dRoy), has been calculated with the 6-31G(d) (6D) basis set using the GIAO/B(PW91) method
(exchange term only). (Chemical shift and nuclear shielding are used intermittently. It should be remembered
that they lead to different signs.) The change in g distance upon deuteriatioRor(p)) was obtained

from a potential scan of OH bond stretching and analyzing the data with a fitted Morse function. Isotope
effects are calculated as the product ofdRon and ARonp). The variations in the calculatéhC(OD) are
dominated byARonp). The calculated’AC(OD) correlate well with experimental isotope effects. Three
parameters;AC(OD), ARow(p), andRo...o all show promise as gauges of hydrogen bond strength. Calculated
OH and!H chemical shifts in general show good agreement with experimental values (RMSBO ppm)

as do thé3C chemical shifts (RMSDB= 1.9 ppm). The large experiment2lC(OD) values can be understood

in terms of a steric effect caused by the neighborings@®l group leading to shorter GHO and G--O
distances and consequently stronger hydrogen bonds.
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Over the years much effort has been concentrated on AC(OD) = 0C(OH) — 0C(OD). Deuterium isotope effects

characterization of hydrogen-bonded systems in order to providelgs(g) E?,Zée_fzggvggﬂh T.; Rozwadowski, Z.; Hansen, P.JEMol. Struct.
parameters to describe hydrogen-bond strength and geotmetry. ™ gy Sy, s, N; Golubev, N. S.; Denisov, G. S.; Benedict, H.; Schah-

Intramolecular hydrogen bonding of the resonance assistedmohameddi, P.: Limbach, H.-HIl. Am. Chem. Sod.996 118 4094.
(RAHB) typel—* as found ino-hydroxy acyl aromatics is a very (10) Hansen, P. E.; Bolvig, $4aun. Reson. Chem.997, 35, 520.

; _ (11) Shapet’ko, N. N.; Bogachev, Yu. S.; Radushnova, L. V.; Shigorin,
common type of intramolecular hydrogen bond. NMR param D. N. Dokl Akad. NauKSSSRL976 231, 409.

eters often used to characterize hydrogen bonds drel@mical (12) O'Brien, D. H.: Stipanovich, R. DJ. Org. Chem1978§ 43, 1105.
shifts, primary isotope effects? or secondary deuterium isotope (13) Hansen, P. EProg. NMR Spectrosd 988 20, 207.
(14) Reuben, JJ. Am. Chem. S0d.986 108 1735.

* Address for correspondence: Professor Poul Erik Hansen, Department ~ (15) Hansen, P. EOrg. Magn. Resonl986 24, 903.
of Life Sciences and Chemistry, Roskilde University, P.O. Box 260, DK- (16) Liepins, E.; Petrova, M. V.; Gudriniece, E.; Paulins, J.; Kusnetsov,
4000 Roskilde, Denmark. Telephoneé45 46742432. FAX:+45 46743011. S. L. Magn. Reson. Cheni989 27, 907.

E-mail: POULERIK@Vvirgil.ruc.dk. (17) Reuben, JJ. Am. Chem. S0d.987 109, 316.

(1) Gilli, G.; Bertulucci, F.; Ferretti, V.; Bertolasi, \d.Am. Chem. Soc. (18) Hansen, P. BMagn. Reson. Chenm1993 31, 23.
1989 111, 1023. (19) Hansen, P. EJ. Mol. Struct.1994 321, 79.

(2) Gilli, G.; Bertolasi, V. InThe Chemistry of EnglsRappoport, Z.; (20) Ng, S.; Lee, H.-H.; Bennett, G. Magn. Reson. Cheni99Q 28,
Patai, S., Eds.; Wiley: Chichester, 1990. 337.

(3) Gilli, P.; Ferretti, V.; Bertolasi, V.; Gilli, GAdv. Mol. Strut. Res. (21) Hansen, P. E. IIThe Chemistry of Double Bonded Functional
1996 2, 67. Groups Patai, S., Ed.; Wiley: New York, 1989, p 83.

(4) Hansen, P. E.; Kawecki, R.; Krowcsynski, A.; Kozerski, Acta (22) Hansen, P. E.; Bolvig, S.; Duus, F.; Petrova, M. V.; Kawecki, R.;
Chem. Scandl99Q 44, 826. Krajewski, P.; Kozerski, LMagn. Reson. Chem995 33, 621.

(5) Lampert, H.; Mikenda, W.; Karpfen, Al. Phys. Chem1996 100, (23) Hansen, P. E.; Duus, F.; Bolvig, S.; Jagodzinski, T. $ol. Struct.
7418. 1996 378 45.

(6) Borisenko, K. B.; Bock, C. W.; Hargittai, U. Phys. Chem1996 (24) Hansen, P. E.; Christoffersen, M.; Bolvig,agn. Reson. Chem.
100, 7426. 1993 31, 893.

(7) Altman, L. J.; Laungani, D. L.; Gunnarson, G.; Wennarstd.; (25) Khatipov, S. A.; Shapet’ko, N. N.; Bogavev, Yu. S.; Andreichikov,
Forse, S.J. Am. Chem. Sod.978 100, 8264. Yu. S.Russ. J. Phys. Cheri985 59, 2097.

S0002-7863(98)00905-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/22/1998



9064 J. Am. Chem. Soc., Vol. 120, No. 35, 1998

on13C chemical shifts;JAC(OD), have been studied extensively
in intramoleculary hydrogen-bonded systéi?s?® and are

shown qualitatively to describe hydrogen-bond strength. The

latter is described e.g. by the oxygeoxygen distanceRo...

0).30 A weakness so far has been the relatively narrow range r., ¢,

of deuterium isotope effect values except in the case of
indandione$822 With the present set of compounds this is now

changed. Deuterium isotope effects on chemical shifts have R0

likewise been shown to distinguish “localized” and tautomeric
hydrogen-bonded systern{s!1.152623nd some interesting iso-
tope effects ino-hydroxy acyl aromatic compounds in which

the acceptor group (RCO) is sterically perturbed previously have v, ., .

been describe#f

In recent years ab initio methods to calculate nuclear
shielding8'—3" and deuterium isotope effects on nuclear shield-

ings*®3%have been developed to a high degree of accuracy and
have become generally accessible due to still faster computersy,,_c; g
and commercial software. Furthermore, the theoretical develop-

ments of Jamesdh*! and Chesndt have made it possible to
identify the important contribution to the secondary isotope
effect to a product of the first derivative of the nuclear shielding
with respect to G-H(D) bond stretching, @dRon, and the
change in the average-@H(D) bond length upon deuteriation,
ARo(p).

Abildgaard et al.

Table 1. BPW91/6-31G(d(P)) 5D Calculated Bond Lengths and
Angles in1-6
1 2a 2b 3 4 5 6
Bond Length/A
1.437 1.441 1443 1444 1452 1422 1.438
Re2-o 1340 1.330 1.326 1.318 1.334 1335 1.347
Ro-n 1.019 1.050 1.045 1.086 1.024 1.022 1.012
1577 1461 1467 1360 1562 1566 1.607
-0 2,523 2.459 2452 2400 2518 2515 2541
7= 1.258 1.268 1.265 1.274 1259 1.258 1.255
Rei-—c7 1.468 1.454 1469 1458 1464 1470 1.478
Bond Angle (deg)

121.7 119.2 121.0 119.0 1205 123.0 1223
Veo-o0-H 104.4 104.0 103.9 103.7 104.6 103.8 1045
Vo-n-o 1521 156.2 1546 157.7 153.2 1521 151.3
Ver=o0.n 102.3 101.1 103.3 102.3 102.0 1025 1029
cic=o0 120.7 120.8 119.5 119.5 120.6 120.8 120.4
Vez-c1—c7 118.6 118.6 117.7 117.8 119.1 117.8 118.7
120.7 121.2 123.1 123.7 121.0 121.0 1205

elemental analysis gave C: 57.34% and H 4.77% (theoretical C 57.14%
and H 4.76%).

NMR. *H and'*C NMR spectra were recorded on a Bruker AC250
MHz instrument using CDGlas solvent except for low-temperature
spectra for which CECl, was used. TMS was used as internal
reference.’®C NMR spectra were recorded with a spectral resolution

The main aim of the present Study is to demonstrate that of 0.55 HZ/pOint. coLoe Spectra were recorded as described

deuterium isotope effect on chemical shifts and espedaly-

(OD) is a quantitative descriptor of hydrogen-bond strength and

how these data are calculated theoretically. A further aim is

earlier?*

Spectra of isotopologues were repeated with different deuterium
contents.

Calculations. The molecular geometries were optimized using the

showing that reliable structures can be obtained and very goodg,yssiang4 suite of prografhand BPW91 Density Functional Theory

IH and*3C chemical shifts can be calculated in intramolecularly
hydrogen-bonded cases.

Experimental Section

Compounds. Compound2*® was synthesized as described but
obtained only in a rather low yield from a chromatographic separation
on silica gel (eluent: hexane/methylene chloride/methanol, 4:1:1).
Compound3 and its analogué% were prepared as described. An
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(DFT) (Beckes exchandfeand PerdewWang correlation termi®, and

a mix of the built-in Gaussian-type basis sets. The 6-31G(d) (5D) basis
set was used at carbon, oxygen, and hydrogen bound to carbon. The
6-31G(d,p) basis set was used at hydrogens bound to oxygen (hydrogen-
bonded chelate hydrogens). No symmetry constraints were used in
the geometry optimizations, but all calculated structures were essentially
flat with 3 converging towardCs, symmetry,4 and 5 towardsCy,
symmetry, and towardC,, symmetry. The resulting geometries with
some relevant bond lengths and angles are shown in Table 1 and in
Scheme 1.

In addition to the compounds shown in Scheme 1, structures of
compounds at the same level of calculations are given in Table 1S
(Supporting Information): salicylaldehyd@)( 1-acetyl-2,4-dihydroxy-
3-formylbenzene§), 1-acetyl-2,6-dihydroxy-3-formylbenzeng@)(1,3-
diformyl-2,4-dihydroxybenzenel(), 1,3-diacetyl-5-formyl-2,4-dihy-
droxybenznenel(), 1-acetyl-3,5-diformyl-2,4,6-trihydroxybenent?,
and 1,3,5-triformyl-2,4,6-trihydroxybenzen#3j.

The NMR nuclear shieldings were calculated with the 6-31G(d) (6D)
basis set using the GIA®**method and with the exchange term only
on the fully converged molecular orbitals, B(PW91), recently shown
to yield superior results relative to the RHF/GIAO metHbdspecially
for nuclei other than carbon (Table 2). The correlation between the
experimental chemical shifts and the calculated nuclear shielding is
shown in Figure 1a,b fotH and*3C signals, respectively.

The first derivative of the nuclear shielding with respect to thetD
bond lengths (#C/dRo-n) was calculated simply by shortening the
O-H bond by 0.01 A and recalculating the nuclear shielding. The
derivatives of the nuclear shielding with respect to O-H bond length
are shown in Scheme 2.

The amount of the ©H bond shortening due to hydroxy deuterium
isotope substitutionRow(p)) Was calculated by scanning the O-H bond
in the bond direction at the BPW91/6-31G(d(p)) level in eight
increments of 0.05 A around the equilibrium position, yielding a total
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(45) Perdew, P.; Wang, YPhys. Re. B 1992 45, 13244.
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Scheme 1. BPW91/6-31 G(d(p)) Optimized Structures with  a 304
Some Relevant Geometric Features (Distances are in A;
Ro...o distances in bold.)

I3
3
M

N
*
M

o
1.577 2.523
P
\1.019
1.0

w
-
M

[
N
N

™
=3
M

—
oo
M

& 'H /GIAO/B(PW91)/6-31G(d) 6D / ppm

o 'H=-1.0830 5 '"H + 32.61 ppm
R*=10.9931

—
™
A

14 T T g T T T T J
2 4 6 8 10 12 14 16 18
5 'H Experimental / ppm

b 17,

150 4

[

w

=]
M

110 4

3
-3
M

& *C IGIAO/B(PW91)/6-31G(d) 6D / ppm

Table 2.
ExperimentalH Chemical Shifts §*H) (ppm) 70 4
H1 H2 H3 H4 H5 H6 s
1 2.60 12.26 6.48 7.48 6.90 7.74
2 2.57 14.79 2.78 14.26 6.46 7.82 304
3 2.73 17.09
4 2.64 13.09 6.36 8.22 10 6 C=-0.9301 5 °C + 187.21 ppm
o R?=0.9990
GIAO B(PW91)/6-31G(d) CalculatetH Nuclear Shielding
(o*H) (ppm) A
0 3 s0 70 9% 110 13 150 170 190 210
H1 H2 H3 H4 H5 H6 5 C Experimental / ppm
1 2951 18.62 25.26 24.75 25.38 24.64  Figure 1. GIAO/B(PW91)/6-31G(d) (exchange term only) calculated
2 2961 1625 2928 16,57 2591 2474  pyclear shieldings vs experimental: ta)and (b)L3C chemical shifts.
3 29.33 14.44
4 29.58 18.47 26.06 24.46 0.030
5 29.51 18.20 25.29
6 29.45 19.64 25.15
0.025 &
Experimental Carbon Chemical Shif&¢C) (ppm)
cCl C2 €3 C4 C5 C6 C7 C8 C9 cC10 0.020 4
1 119.6 162.4 118.2 136.3 118.8 130.6 204.5 26.5 3
2 112.0 168.2 109.9 170.9 109.6 137.8 202.9 26.2 205.6 335 5 *#151
3 103.2 175.7 205.0 32.9 <
4 113.6 168.9 105.0 136.2 202.4 26.0 0.010
GIAO B(PW91)/6-31G(d) (6D) CalculateédC Nuclear Shielding H
(01C) (ppm) 0.005 - \ D /' ARoy=0.0098 &
Cl C2 C3 C4 C5 C6 C7T C8 C9 cC10 \ /
0.000
1 76.3 32.7 76.6 615 79.0 67.+2.8 163.0 ) ) ) i i j
2 824 27.7 834 260 847 617 09 163.83.4 1558 - S
3 87.8 23.0 —-1.6 156.6 i i
4 816 28.8 89.7 63.0-0.4 163.6 Figure 2. BPW91/6-31G(d(p)) calculated Morse function for-@
5 74.6 38.0 79.9 —3.6 1625 hydrogen displacements in the bond directiod,ancluding the average
6 72.0 416 76.8 —4.9 162.4 O—H(D) geometry and the zero-point energy for the two isotopologues.

Open circles are calculated data not used in the fit.

of nine points. A Morse function was fitted to the points that were normal mode analysis (IR frequency calculation). One example of such
below three times the zero-point energy. The O-H bond length a potential energy scan is shown in Figure 2. TR values are

perturbation was calculated from the analytical solution to the Morse
oscillator?”“8using the reduced masses, from a harmonic approximation

(48) Dahl, J. P.; Springborg, M. Chem. Phys1988 88, 4335.
(49) Desai, R. D.; Ekhlas, MProc. Ind. Acad. Sci1938 8, 194.
(47) Nieto, M.; Simmons, L. M., JiPhys. Re. A 1979 19, 438. (50) Gtschke, A.; Tambor, Ber. Dtsch. Chem. Ge4912 45, 1237.




9066 J. Am. Chem. Soc., Vol. 120, No. 35, 1998

Scheme 2.GIAO/B(PW91)/6-31G(d) Calculated Nuclear
Shielding Gradients for O-H {dC/dRow are in units of ppm
A~L numbers in italics refer t@b; ARon(py, in bold.)
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0.032A (0.020), respectively between corresponding heavy
atoms in the superimposed geometries. Furthermore, plotting
the data oRo...0 VS Ron onto the graph of Steiner and Saerfger
gave data points on the correlation line of that plot.

1H and °C Chemical Shifts and Derivatives. TheH and
13C chemical shifts are calculated very well using GIAO
B(PW91)/6-31G(d) DFT ab initio methods as seen from Figure
1, which indicates that the quality of the calculated structures
including the hydrogen-bond geometry is very good.

The first derivative of the nuclear shielding//dRoy was
calculated ab initio using the above-mentioned geometries (see
Experimental Section) simply by shortening the OH bond 0.01
A and recalculating the nuclear shielding. ThedRon is nicely
correlated to the isotope effects within each compound and is
seen not to vary much from compound to compound (Scheme
2 and Figure 4a) except for C-7, for which the/dRoy
decreased in going frorh to 2 to 3. Furthermore, those data
for C-7 fall outside the correlation line for all the four
compounds (One illustration is given in Figure 4a).

Changes in the Average Bond Length upon Deuteriation.
Deuteriation at the OH position will lead to a change in the
average OH(D) bond length, and as this vibrational mode is
very localized and does not involve significant movement of
other atoms in the molecule (Table 3) this will likely be the
dominant effect of deuteriation for all other species tBai
potential scan of the OH bond stretching as described in the
experimental section and shown in Figure 2 is constructed
(BPW91/6-31G(d(p)) data). These data are fitted with a Morse

given in Scheme 2, and some of the results of the normal mode analysisfunction;}”#8leading to the changes in the OH bond length upon

and the Morse oscillator, in Table 3.
Assignments. The assignment o2 was achieved by COLOE

deuteriationARonpy = Ron — Rop as seen in Scheme 2. We
have scanned the entire vibrational normal coordinate from a

experiments.**C chemical shifts are given in Table 2. The assignment harmonic approximation normal mode analysis for several
of the isotope effects of compounds with more than one exchangeablesystems, but the differences between this more rigorous treat-
OH proton was done in the following fashion. The isotope effects in nant and the values shown here are negligible. To calculate

o-hydroxy acyl aromatics were grouped into categories as described
in refs 15 and 18 and are roughly similar to thosd ¢6cheme 3). As

an example, at the methyl group of thecetyl group, a negative isotope
effect proportional taYOH was observed. A very large and unusual
four-bond isotope effectAC(OD) is observed in compoun@sand3.

This is assigned téAC-4(OD-2).

Temperature Effects. The deuterium isotope effects oFC
chemical shifts are measured in one-tube experiments with both the
protio and the deuterio species present and in varying ratios. A
prerequisite for this type of measurement is slow exchange of the OH
proton at the NMR time scale.

the hydrogen displacement one needs the reduced masses, and
we have just used those calculated in the normal mode analysis
for OH and OD isotopologues, but again the differences between
using the correct value or just values of 1 for H and 2 for D are
negligible, except fo8. The values presented are calculated
from the analytical solution to the Morse oscillafér®

A dramatic increase is found iARow(p) in going from1 to
2 to 3. Again, values ford—6 are very similar to those of
compoundl. The ARon-4py of O—H4 in 2b is seen to fall in
between the value df and ARon-2(p) Of 2 Ron and ARo(p)

For 3, the CH resonance was observed at high frequency, 17.09 cqrrelated well R = 0.982) (Figure 3b).

ppm, and the C-2,C-4,C-6 carbon resonances showed one very large

isotope effect (0.72 ppm) and two medium ones (0.229 and 0.186 ppm).
Cooling had no effect on the magnitude of the isotope effects, indicating
that tautomerism is not at play.

Results

Theoretical calculations. The ab initio geometries show

By knowing the change in the bond length upon deuteriation
as just described and the first derivative of the shielding, the
isotope effects can be calculated agdiRon x ARow(p) (see

Discussion). Figure 4b has the derivatives of the nuclear
shieldings plotted against the experimefitaC(OD) values and

a plot of the experimental vs calculated isotope effects reveals
a very good correlation, which improves when using the normal

(Scheme 1) that all of the carbons of the structures are in oneémode related reduced masses. Although the calculated values
plane. Furthermore, a large gradual increase in the OH bondare slightly too small it is readily apparent that the slopes for
length Ror) and a corresponding large gradual decrease in the each compound have become much more alike (not shown).

C=0---H distance occurred when going frohto 2 to 3 with
4 being similar tol. The decrease in<€0---H distance is
followed by a decrease iRo...0 (1, 2.523 A;4, 2.518 A; 23,
2.459 A (steric compression at oxyge), 2.457 A (steric
compression at methyl groug®; 2.400 A. Plots oRon, Re=o,
and Royx---0 VS Ro..0 0of ARonpy showed good correlation
(Figure 3a,b).

A comparison of the calculated structures4oéind 6 with
the low-resolution X-ray structure®=*yielded average (RMSD)
absolute atomic coordinate differences of 0.027 (0.011) and

Two-Bond Deuterium Isotope Effects on'3C Chemical
Shifts, 2AC(OD). TheRo...o are distances correlated wiAC-
(OD) (R = 0.977).
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Table 3. O—H(D) Stretching Mode Morse Function Parameters and Normal Mode Analysis Calculated Reduced Masses and Vibrational
Frequencies

1 2a 2b 3 4 5 6
a2 (AY 3.2 4.0 3.8 4.0 3.4 34 3.2
dissociation energy(kJ) 129.0 51.4 63.9 34.6 106.3 106.5 143.1
u (O—H) reduced massegamu) 1.0743 1.0995 1.0871 1.1385 1.0764 1.0748 1.0693
u (O—D) reduced massegamu) 2.3061 2.6591 2.5067 4.2013 2.3259 2.3137 2.2783
v (O—H) vibrational frequency(cmt) 2873 2420 2506 2049 2808 2838 3008
v (O—D) vibrational frequency(cm) 2104 1811 1858 1639 2062 2080 2194

2From Morse function fitted to ©H bond stretching BPW91/6-3| G(d(p)) 5D potentiaBPW91/6-31G(d(p)) 5D harmonic approximation
normal-mode analysis calculated valug$he higher reduced mass f8ris caused by coupling of the OD stretch vibration in this compound to
other vibrational modes in particular the=© stretch mode.

Scheme 3.Experimentally Observed Deuterium Isotope a 1704
Effects on13C and!H Chemical Shifts {H chemical shifts
are in italics.3 L0
42 o -502 o
lo1 H(D) 12.26 ppm 1292 H(D) 13.09 ppm * 1.50 4
16 \0 \
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2230 K in CD,Cl,. "AC(OD) for 2a at 260 K in CDCk C-1, 67 : A
ppb; C-2, 416 ppb; C-4, 63 ppb; C-7, 104 ppb and C-825 ppb.2b 1.40 4
at 260 K in CDC}4, C-2, 136 ppb; C-3, 86 ppb; C-4, 485 ppb; C-5, 124
ppb; C-6, 32 ppb; C-9, 159 ppb and C-1685 ppb.3 at 250 K in < 1304
CD.Cl,, C-2, 724 ppb. = S— » . "
A comparison offAC-2(OD) of 1—4 revealed thall and4 120
are very similar, but the values f@rhad increased dramatically
and even more so f@. The increase fron to 2 to 3 can be 110
ascribed to steric compression (see Discussion) leading to a 'k//r/
shorter Ro...o and hence to a londgRon and shortRop...o .00
distances. A small steric effect was found in 3,5efi-butyl-
2-hydroxyacetophenori€and a large one also in thert-butyl 0.90 . . ; . . . .
derivative, 2-pivaloyl-1,3-indandiorié:22 0.008 0010 0012 0014 0016 0018  0.020  0.022
NAC(OD). A comparison of the long-range isotope effects SRoum /A&
showed a very large four-bond effeéC-2(OD-4) in2 and Figure 3. (a) Plot of Roy -0, Re—o, and Roy distances veRo...o
3. Another significant observation is the rather snfallCO- distances and (b) plot &o)--.0, Ro—o, andRon distances va\Roro)
(OD-2) observed parallel witACHz(OD-2) became more and  distances. All data are from calculated structures. Open symbols are
more negative. used for aldehyde analogues, compouried 3 (see Table s1); filled

Steric Effects. The decrease iRo...0 is mainly coupled to symbols, for compound$—6. Regression line is based on data for
a decrease in the C-1,C-2, O and C-2,C#(@ angles (see  compoundsl—6 only.
Scheme 1 and Figure 5a). This is seen from the following acetyl groups are replaced by formyl grougd-13, for data
numbers: the angles (in degrees) (C-2,C=4(@and C-1,C- see Table 1S) revealed that tRg...o distances for an intramo-
2,0): 1(118.6;121.7)4 (119.0; 120.5)2a(118.6; 119.2); and lecular hydrogen bond of GJ€0O---HO type are similar for
for 2b angles C-3,C-4,0; C-4,C-35%€0, 121.0, 117.73 (117.8; similar steric motifs (Figure 5b) irrespective of the number of
119.0). acetyl or formyl groups on the benzene ring. The same is true
A comparison of calculated bond length &f and the for a HCO--HO type of hydrogen bonds. For a @EO---HO
corresponding molecules in which one, two, or three of the motif with Y = OH and X= CH3;C=0, Ro...o = 2.4027F 0.002
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Figure 6. Plot of experimentadOH vs2AC(OD): (®) o-hydroxy acyl

aromatics and@) indandiones from refs 16 and 22.
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.30 010 od0 030 0.50 0.70 = OH and X=H. Ro..o = 2.456 A. For HG=O-+-HO with
ATCOD) T ppm Y = OH and X= CHsC=0, Ro..0 = 2.464F 0.001 A; Y =
OH and X= HC=0, Ro...0 = 2.482F 0.001 A and Y= OH
and X=H, Ro..o = 2.524 A. For2 and7—10similar relations
can be written. Combining these results, it is found that an
acetyl group ortho to the OH group of an intramolecular
hydrogen bond causes a decreasdiin.o of 0.017 A more
than for a compounds with a formyl group in the ortho position.
00OH vs 2AC(OD). The unusually larg8AC(OD) isotope
effects for benzene derivatives observed in this study allowed
an extension of the range previously studigép1718 As seen
from Figure 6 a reasonable correlation is found betwé&H
and?AC(OD)(R= 0.93). The data for the indandioriéshow
possibly a steeper slope (0.157) than those of the benzene
derivatives (0.095) and largéAC(OD) ( Figure 6).
SAOH(OD). Relatively large deuterium isotope effects on
OH chemical shifts are observed over six bontsQH(OD)
in 2 and3. For 2, SAOH-2(0OD-4) < SAOH-4(0OD-2).
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-0.30 Discussion

-0.30 -0.10 0.10 030 0.50 0.70 . . . . .
2ABC(0D) / ppm The following discussion of deuterium isotope effects and

their correlation to hydrogen bond strength is based on the

Figure 4. (a) Calculated®C Nuclear shielding gradients ¥&/dRor) assumption that the isotope effects to a large extent can be
values plotted against the experimental isotope effectd fand (b) approximated by the termotiRon x (Ar — Ar¥). The former
for 1—4, and (c) calculated isotope effects using BPW91/6-31G(d(p)) IS termed, by Jameson, the electronic factor and tells how the
5D normal mode analysis calculated reduced masses in the averageffect is transmitted through the bonds. The latter is the change
vibrational geometry calculation, plottet agains the experimental values. in the mean O-H distance upon deuteriation (calldbyp) in
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this paper). A justification for leaving out terms involving bond  different from—1 is obtained (see Figure 1b), as has also been
angle deformations and second order terms are given byfound in other studie%® A key to the successful calculations
Jamesoff#tand by the results on second-order derivatives by is the blend of DFT theory in the BPW91 version with only
Chesnut? Other important points are that the displacements the exchange terms in the calculation of chemical shfftae
are close to the equilibrium geometry and that the nuclear use of fully optimized DFT ab initio geometriésand probably
shielding is linear in this regiof?#156 A further basic assump-  to a lesser extent use of polarization basis functions at the chelate
tion is that hydrogen bond strength can be described by the proton in the geometry optimization.
Ro...o distance® Steric Factors. The effect of steric hindrance can be divided
The study ofo-hydroxy acyl aromatics and the corresponding into two, in some instances possibly mutual interactions as
aldehydes showed that the isotope effects of the two types ofdemonstrated in Figure 5a. One is the steric effect on the OH
compounds were proportional, supporting the idea that the group caused by the methyl group of an acetyl group leading
isotope effect depended on two factors{dRon and ARow(p). to a decrease in the angle A (Figure 5a) and the other one is
The present study shows that the latter factor is very important steric compression of a carbonyl group caused by an oxygen
(Scheme 2) as the former is more or less constant for all and the methyl group of the acetyl group leading to a decrease
compounds (Scheme 2). It is also interesting to notice that the of angle B. This is also seen from the angles C-2,G=4CC
calculated slopes,ad3C-x/dRoy for 1 compare quite well with and C-1,C-2,0 (see previously). A support for a steric model
the transmission coefficients estimated in ref 18. is the finding that structure calculations 613 clearly show
Hydrogen-Bond Strength. A very important task is the ~ how the acetyl group leads to a larger decreaseR@f.o
development of parameters to gauge the strength of the hydrogerfompared to a formyl group. For a given steric motif the results
bond. As mentioned in the introductioPAC(OD) anddéOH are similar whether a formyl or acetyl group are in the
have been used extensivéR316 The plot of Ro...0 Vs 2AC- noninteracting positions (compare eg.and 11). This is
(OD), the former based on calculations, shows a good correlationinteresting as the formyl and acetyl groups are electronically
thereby confirming tha#AC(OD) is a proper gauge for hydrogen ~ different.
bond strength.ARoH(p) is the factor determining the magnitude )
of isotope effects in these intramolecularly hydrogen-bonded Conclusions

systems. This parameter is shown to be proportiond&da Structures of intramolecularly hydrogen-bondetiydroxy
which is again proportional t&o..0 S0 many parameters are  acy| aromatics are calculated to a good accuracy using DFT
actually good descriptors of hydrogen-bond strength. methods.

The correlation betweerRoy and Ro..o shows a good OH chemical shifts of these systems can be calculated to a
agreement with the data of Gilli et &lbut less so with those  very good accuracy using ab initio methods in moderate basis
of Ichikawa>’ sets. In additiod3C chemical shifts can be calculated well. A

'H Chemical Shifts. OH and NH chemical shifts of prerequisite is the use of fully optimized DFT geometfie®
hydrogen-bonded systems have been used extensively as mark- |t is demonstrated tha&#AC(OD) isotope effects andOH
ers of hydrogen bondint!121425 The CH chemical shiftsare  reflect the strength of the hydrogen bond well. The dominant
calculated very well in the RAHB cases of this paper even using factor of the"AC(OD) isotope effects is the variation of the
moderate basis sets (see the Experimental Section). This is novibrational average of the ©©H(D) bond length upon deute-
the case for e.g. NH protons of proteifien which environ- riation rather than the derivative of the nuclear shielding with
mental factors other than the hydrogen-bond partner may respect to OH bond shorteningg/dRop.
contribute significantly and the geometrical uncertainties like-  For the benzene derivatives having multiple OH and acyl
wise. groups,"AC(OD) and the hydrogen bond strength are seen to
13C Chemical Shifts. Calculation of*C chemical shifts have  increase due to an inductive effect (small) combined with a
been discussed with respect to different methods. No significant stronger steric compression effects.
differences were fourf between LORE& and the IGLG®
method or between the LORG and the GIE® methods® Acknowledgment. The authors thank Anne Lise Gud-
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