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Sum-over-states density functional perturbation theory (SOS-DFPT) and Hafoek (HF) theory based

on the “individual gauge for localized orbitals” (IGLO) scheme were used to calct#aié*N/*N, and’O

NMR chemical shifts of 23 molecules. Employing the (11s7p2d/6s2p)[7s6p2d/4s2p] basis set, SOS-DFPT
chemical shifts were obtained that are clearly better than HF- or UDFT-based chemical shifts, as is reflected
by mean absolute deviations of 2.8 (SOS-DFPT), 7.6 (UDFT), and 5.6 ppm (HEjJahemical shifts,

11.8, 22.1, and 100.5 ppm f&tN/1N chemical shifts, and 36.4, 57.2, and 45.7 ppm*f@ chemical shifts

with regard to experimental values. By estimating appropriate gas phase valdéid/fed chemical shifts

from measured solvent effects, average errors of SOS-DFPT chemical shifts are reduced to 3 ppm, which is
close to uncertainties in experimental values. SOS-DFPT is the method of choice for predicting reasonably
accurate NMR chemical shifts at relatively low computational cost even in cases where correlation corrections
are large. However, further improvements of SOS-DFPT are necessary to calculate more ¥éiabliét

values of conjugated-systems.

1. Introduction conclusions concerning the calculation of NMR chemical shifts

In previous work we investigated the reliability of sum-over- with the SOS-DFPT approach were drawn. . )
states density functional perturbation theory (SOS-DRFRGF) (1) The SOS-DFPT method leads to NMR chemical shift
the calculation of3C, 19N/15N, and’0O NMR chemical shifts values that are significantly improved over those based on HF
in those cases where accurate experimental gas phase data atB€Ory particularly in cases where large correlation effects play
available. SOS-DFPT chemical shifts were compared with @n important role.
experimental and theoretical values calculated with uncoupled (2) SOS-DFPT NMR shieldings are too small because of an
density functional theory (UDFT), Hartree-Fock (HF) theory, underestimation of electron clustering in the vicinity of the
and second-order MgllefPlesset perturbation theory (MP2). nucleus, which is typical of DFT. This deficiency of DFT
It turned out that SOS-DFPT represents an attractive methodbecomes obvious when calculating the Coulomb téenactly
for calculating NMR chemical shifts with relatively high as done in this and in previous wotk.Because of the
accuracy at rather low computational cost. underestimation of absolute shieldings, DFT-based chemical

Since SOS-DFPT is basically a semiempirical method, its shifts are larger up to 16 ppm, where the deviation is
performance depends strongly on its calibration. For example, proportional to the number of electrons of the atom in question.
DFT-based methods largely overestimate paramagnetic shiftThis has to be considered when calibrating SOS-DFPT.

contributions due to inaccuracies in DFT orbital energies. This  (3) In cases in which paramagnetic contributions do not play
deficiency is compensated within SOS-DFPT by an ad hoc an important role, a simple correction of the diamagnetic
orbital energy correction term that has been calibrated with the contribution in combination with an exact calculationidéads
help of appropriate test calculations on small molecéles. to accurate NMR chemical shift values that are comparable to
Calibration will depend on the exchange-correlation functional the GIAO-MP2 values of Gauss.For example, the mean
used, the method of evaluating the Coulomb termtegration  apsolute deviation of SOS-DFPTC chemical shifts corrected
techniques applied, etc. For example, we have found that thepy diamagnetic shift contribution 0f5.8 ppm was found to
commonly used approximation of the Coulomb tefmith the be 2.3 ppm (GIAO-MP2: 1.2 ppm) in a study of 13 molecules

help of auxiliary functions leads to an underestimation of \jth 17 different C nuclei, for which accurate experimental gas
electron-electron repulsion. As a consequence, electrons canphase values are available.

cluster more tightly around a nucleus, thus increasing diamag-

netic shielding, which is normally underestimated by DFT b
methods. In addition, DFT energies of occupied MOs become
more negative, energy differences between occupied and VirtualGlAO-MPZ chemical shifts of Gauss.

orbitals larger, and paramagnetic shift contributions smaller. i

Both effects prevent NMR chemical shifts from becoming too _ (9) It seems that one has to apply even larger paramagnetic

positive, thus leading to reasonable values provided paramag-Shift corrections when calculatigO NMR chemical shifts with
SOS-DFPT. If this is done, SOS-DFFTO chemical shifts

netic contributions have been calibrated appropriately. . ; ;
Exact calculation of the Coulomb term requires a new differ from experimental values on the average by just 3 ppm.

calibration of SOS-DFPT. If this is done with regard to both ~ Conclusions 4 and 5 are tentative because of the limited
diamagnetic and paramagnetic shielding contributions, NMR number of reliable experimental gas phase values in the case
chemical shifts in satisfactory agreement with measured gasof **N/**N and 'O chemical shifts. Both(**N/**N) and ¢-
phase values are obtainkdn our previous work, the following ~ (*’O) values are often largely influenced by electron correlation
effects, which makes their prediction by HF theory unreliable.
€ Abstract published ilAdvance ACS Abstract©ctober 1, 1996. Although correlation-corrected methods exist by which nitrogen

S0022-3654(96)01316-0 CCC: $12.00 © 1996 American Chemical Society

(4) Scaling of the paramagnetic shift corrections suggested
y Malkin and co-workers by a factor of 4/3 seems to lead to
reliableN/*5N chemical shifts that are more accurate than the
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and oxygen chemical shifts can be predicted at virtually any solvents or neat liquids, which makes a comparison with
desired accuracy,'? at present these methods are too expensive calculated shift values (corresponding to gas phase values)
to be used for larger molecules. In view of these limitations, difficult.

the possibility of getting reliabl&N/*N and'’O chemical shifts

at rather low computational cost is attractive and could representmeasurements in solvents with low dielectric constant and low
a stimulus for increased application ¥N/1*N and 1’0 NMR

spectroscopy, which at the moment is less frequently used keep uncertainties due to solvent effects as low as possible. This
because of experimental limitations. The chemical shiftd\f

15N and 70 nuclei are in general more sensitive to molecular
structure and conformation than eitieror 3C NMR chemical
shifts. This could be used for structure determination of N- or
O-containing compounds along the lines of the NMR/ab initio/
IGLO method! provided understanding of the structural
dependence ofN/1N and1’O nuclear magnetic shieldings is

enhanced.

In view of the possibility that SOS-DFPT may lead to reliable
predictions and a better understanding®f/*>N and’O NMR
chemical shifts, a set of 23 N- and O-containing molecules
1-23, shown in Scheme 1, is investigated in this work.

Contrary to previous work,compounds are considered for
which only solution phase NMR chemical shifts are known.
This requires careful consideration of the sensitivitydf/*°N
and’0 magnetic shieldings with regard to solvent effects. The
latter are particularly problematic fa¥(*’O) values, which is
documented by the fact that, for exampfgl’O) of acetone
varies from 559 ppm in aqueous solution to 605 ppm in neat
liquid and to 624 ppm in infinite dilute alkane solvents (relative was possible in our first investigation. This is particularly true
to gaseous bD),12714 thus spanning a shift region of 65 ppm.
Experimentally, it is often necessary to use strongly polar we have not repeated calculations on alcohols, ethers, and other

Where possible, we have chosen experimental data from
complexation ability such as alkanes or chlorinated alkanes to

has been especially difficult fdFO shifts, for which in many
solvents strong electrostatic interactions or the possibility of
hydrogen bonding has to be considered. To make a reasonable
assessment of solvent effects in these cases, we have used known
solvent effects of electronically similar compounds. Also, we
have compared whenever possible SOS-DFPT shifts with the
corresponding MP2 values. As shown in the discussion,
correlation effects for the majority of chemical shift values
investigated in this work are considerably larger than solvent
effects, and therefore, our comparison of HF and SOS-DFPT
NMR chemical shifts is still conclusive.

In the present investigation, we have not included those
molecules for which chemical shifts measured in the gas phase
are available since these have already been discussed in ref 1
(see molecule1-P20 in Scheme 1). Instead, we have
particularly selected those molecules for comparison which are
known to require large correlation corrections of both the
dynamic and nondynamic type. In this way, limitations of the
use of the SOS-DFPT approach become more apparent as this

in the case of calculatelO NMR chemical shifts, for which
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molecules with singly bonded O. Satisfactory shift values for
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| MBS =2l P gy o (@)
these molecules are already obtained at the HF-IGLO level of i~a " 3\4 p Pit) P
theory so that SOS-DFPT calculations are not absolutely
necessary in these cases. Of course, inclusion of these moleculeghere pp (p =i, @) is the electron density of an electron in

in the comparison would considerably improve agreement

orbital p andp' is the totala spin density.

between SOS-DFPT and experimental shift values, which has  As has been pointed out by van"Wn 16 SOS-DFPT/IGLO

to be considered in the final discussion.

2. Theory

is, apart from the excitation energy correction teXES.,

identical to the (IGLO version of) uncoupled density functional
theory (UDFT), which can be derived by differentiating the

In a sum-over-states perturbation theory of nuclear magnetic expression for the KohnSham energy according = 9°E/

shielding? the exact wave function of the ground state is
expanded in a Taylor series in the magnetic field veBt@nd

(du 9B). Lee and co-worket$ have argued that the reason for
the failure of UDFT in predicting accurate nuclear magnetic

the perturbed part of the wave function is expressed in terms shieldings results from the known deficiency of presently used

of the excited states of the zero-order problem according to

Vo(B) =o' +1B 5 Coyid+ - &
=
The first-order coefficient€x are determined by
MO
M
where
HO =10 @3)

The nuclear magnetic shielding tensor is given by

OE
o= = PPHPP0- 2§ C@PHY|p Q0 (4)
3” oB e
where
w19
HY =732 H (5)
2
@) — _9
H op 0B ©)

andy is the nuclear magnetic dipole vector of the nucleus in
question. In the SOS-DFPT formalism, the ground state wave
function 1/)80) is approximated by the reference determinént
obtained from an ordinary KohrSham DFT calculation.
Accordingly, the set of excited state wave functionp%’) is
approximated by single-replacement determinabisformed
from the orbitals of the reference determinant, and the excitation
energyE? — EO is approximated by the difference between
the corresponding KokaSham orbital energies — ¢, corrected

by an energy termAE®, so that

E(()O) — Ef?) =€ — €, — AE}

1—a

@)

Malkin and co-workerscombined SOS-DFPT with the indi-
vidual gauge for localized orbitals (IGLO) formalism developed

density functionals in correctly assigning the values of orbital
energies. In this context, the SOS-DFPT approach can be seen
as a way of approximating correct UDFT based on the exact
exchange-correlation potential.

3. Computational Methods

SOS-DFPT(Loc2) and UDFT-IGLO have been programmed
and implemented into the ab initio package COLOGNE"®4,
as described in ref 1. Again, DFT calculations were based on
the exact evaluation of the Coulomb terdnwithout using
auxiliary basis sets, as done in the original SOS-DFPT method
implemented in the program system DeMG8R?

All chemical shift calculations were performed with a
combination of the Becke excharfgand the PW91 correlation
functionalg223using the (11s7p2d/6s2p)[7s6p2d/4s2p] basis set
developed by Kutzelnigg and co-workeéfs. While in the
previous investigationwe exclusively used geometries opti-
mized at the MP2/TZ2P level, in this work we have determined
DFT equilibrium geometries using the same combination of
exchange and correlation functionals as in the chemical shift
calculations. These optimizations were performed with the
Gaussian-9% program system employing the 6-311G(2d,2p)
basis, which is TA2P quality (see supporting information).
DFT/TZ+2P geometries are in general equal to or better than
MP2 geometries and, accordingly, sufficiently accurate for the
purpose of this work. Only in some exceptional cases were
MP2/TZ2P geometries taken from ref 3.

Appropriate reference values for getting relative chemical
shifts were obtained by using GHcarbon), NH (nitrogen),
and HO (oxygen). Experimental values are normally given as
shifts relative to internal tetramethylsilane (TMS) (carbon) and
liquid water (oxygen) and as shieldings relative to liquid
nitromethane as external reference (nitrogen). These data have
been transformed and expressed as shifts relative tg{gfH
NHzs(g), and BO(g) using known experimental dai&r28

chyg) = Otmsg T 7-0 ©)
Onng) = 400.9— ocpyno, (10)

and
On,0(0) = On,00) T 36-1 (11)

by Kutzelnigg at the HF level to solve the gauge-origin problem where 6 is the relative chemical shift for a given nucleus

of magnetic shielding calculatiod3. Several expressions are indicating sign inversion when replacing absolute shieldings by
given by Malkin and co-workers for the terxE, leading to relative chemical shifts. When using nitromethane as a refer-
a set of different SOS-DFPT methods. On the basis of the ence, one chooses relative chemical shifts to possess the same
results of our previous investigatibrwe use in this work sign as absolute shieldings, which we have indicated by using
exclusively the Loc2 approximation of Malkin and co-workers ocuno, rather thamcuno, in €q 10. Since neat nitromethane
(denoted here as SOS-DFPT(Loc2)), which is given by eq 8: is used as an external reference and since solvent effects on
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TABLE 1: Calculated and Experimental Carbon (*3C) Chemical Shifts @) in ppm Relative to Gaseous CH?

SOS-DFPT-IGLO SOS-DFPT-IGLO SOS-DFPT-IGLO

molecule sym. atom HF-IGLO UDFT-IGLO (Loc2) (TMS) (corry expt
17, propanal Cs Ci 212.4 220.1 2135 209.7 207.7 209.7
C 41.0 53.7 53.8 50.0 48.0 43.7
Cs 10.8 14.7 15.7 11.9 9.9 12.2
18, trans-propenal Cs C 205.2 210.5 206.6 202.8 200.8 200.3
C 149.0 157.7 156.9 153.1 151.1 143.0
Cs 148.7 154.7 152.6 148.8 146.8 143.4
19, p-C,H,(CO), Dan 202.6 212.1 208.3 204.5 202.5 194.0
19, p-C,H,(CO), 147.8 147.7 150.2 146.4 144.4 143.4
20, C,H,(CO),0 Cu 185.0 190.0 189.0 185.2 183.2 179.5
2, C,H,(CO),NH Ca 1911 1911 190.0 186.2 184.2 186.0
20, C,H,(CO),0 Ca 29.3 40.3 414 37.6 35.6 35.2
2, CH,(CO),NH Ca 31.1 42.0 43.1 39.3 37.3 37.0
21, C,H,(CO),0 Cu 177.4 185.6 184.8 181.0 179.0 172.9
22, C,H,(CO),NH Ca 183.5 187.5 186.4 182.6 180.6 179.2
21, C,H,(CO),0 Cu 148.8 151.2 150.9 147.1 145.1 144.4
22, C,H,(CO),NH Ca 148.2 149.0 149.2 145.4 143.4 142.8
23, furan Ca C, 158.1 158.4 157.2 153.4 151.4 150.6
Cs 118.8 123.5 122.6 118.8 116.8 117.4
3, pyrrole C G 130.7 128.7 128.1 124.3 122.3 124.3
Cs 117.9 122.6 1215 117.7 115.7 114.6
4, pyridine Co C, 167.6 167.4 165.9 162.1 160.1 156.9
Cs 130.2 137.5 137.1 133.3 131.3 130.8
Cq4 152.0 148.9 148.3 144.5 142.5 143.0
5, pyridineN-oxide C;, G 159.3 156.7 155.8 152.0 150.0 145.6
Cs 135.1 140.1 139.6 135.8 133.8 132.8
Cs 136.4 130.2 129.8 126.0 124.0 132.3
6, isoxazole Cs Cs 172.5 162.6 160.1 156.3 154.3 157.0
Cs 105.9 116.1 115.2 111.4 109.4 107.5
Cs 180.8 173.3 171.2 167.4 165.4 165.9
8, CHsNO, Cs 67.5 74.0 74.0 70.2 68.2 68.2
9, PhANG Ca C, 160.7 166.6 167.0 163.2 161.2 155.4
C 138.8 139.0 139.1 135.3 133.3 130.6
Cs 137.1 143.6 143.1 139.3 137.3 136.4
Cs4 149.8 149.3 148.9 145.1 143.1 141.6
10, Me;N-NO Cs C(cis) 311 33.6 34.4 30.6 28.6 39.1
C(trans) 41.4 49.5 50.0 46.2 44.2 46.9
11, H,CNN Cx 32.1 28.4 275 23.7 217 30.1
mean abs. dev. 5.6 7.6 6.9 3.8 2.8

2The nucleus considered is underlined or given in column 3. Calculated with the (11s7p2d/6s2p)[7s6p2d/4s2p] basis of Kutzelnigg and co-

workers?* BPW91/6-311G(2d,2p) geometriéObtained by using tetramethylsilane (TMS) as primary computational reference (see@otgined
by adding a diamagnetic shift correction 6.8 ppm (see textf Experimental shifts from ref 54.

13C shieldings in TMS are normally very smé¥leq 10 and 9

For aromatic or, in general, conjugated compounds these effects

are used directly in the comparison with calculated gas phaseare difficult to predict, and solvent shifts can be both positive

values.

4. Results

Calculated'3C, N/*N, and 1’0 NMR chemical shifts of
the 23 molecules investigated are listed together with the
corresponding experimental shifts in Tables 1, 2, and 3.
Deviations of HF-IGLO and SOS-DFPT(Loc2) shifts from
experimental values are presented in FigureSN/{®N shifts)
and 2 #7O shifts) in the form of bar diagrams. Table 4 gives
a summary of measured solvent effects on NMR chemical shifts.

4.1. Carbon Chemical Shifts. Table 4 reveals that methyl
13C shifts are hardly influenced by solvent effects. Stronger
solvent effects of 35 ppm have been measured for the C atoms
of keto or cyano groups. However, this is still smaller than
uncertainties in calculated®C chemical shifts, which vary
between 7 and 10 ppm at the HF level of theory. It seems thal

and negative. However, in general, solvent effects are rather
small for 5(*3C) so that we refrain from discussing them here
in more detail and, instead, compare calculated gas phase
(*3C) values directly with the corresponding experimental values
measured in solution.

For HF, UDFT, and SOS-DFPT, mean errors from a
comparison of 37 calculated and measu#ishift values are
6—7 ppm (Table 1), which suggests that neither correlation
effects nor paramagnetic effects play an important role for the
molecules considered. In our previous comparisahjch was
exclusively based on measured gas phase values, HF, UDFT,
and SOS-DFPT mean errors f&¢C shifts were 11.0, 7.7, and
5.8 ppm, respectively, suggesting slight improvements of shift
values caused by the use of density functional theory. On the
other hand, it is remarkable that similar or even somewhat higher

taccuracy is obtained with all methods despite the fact that only

polar solvents such as dioxane or chloroform lead always to a 7 Ut of 37 calculated(**C) values belong to methyl groups

downfield shift of13C values, which can be understood in the
following way. A polar CX bond with X being more elec-

while all other C atoms participate in multiple bonding. This
suggests some error cancelation of solvent and calculational

tronegative than C becomes somewhat more polar in solution €ffects.
phase due to the electrostatic interactions between solute and As discussed already in our previous wérthe majority of
solvent. In solution, the C nucleus is somewhat more deshieldedDFT-based™*C chemical shifts are too positive compared to

depending on the polarity and dielectric constant of the solvent.

experimental values. We have connected this observation with
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TABLE 2: Calculated and Experimental Nitrogen (3N, *N) Chemical Shifts @) in ppm Relative to Gaseous NH?

molecule sym. HF-IGLO UDFT-IGLO SOS-DFPT-IGLO (Loc2) e%pt solvent € estimated gas phase value
1, CHsNH? Cs 11.7 21.7 21.5 30.3 ¥ 78.5 15+ 3
2, C;H4(CO)NH Co, 174.4 205.3 204.2 1829 B 78.5 203t 5
3, pyrrole Ca 153.5 168.5 167.2 168'2 CHCl; 4.8 168+ 3
4, pyridine Ca 367.2 357.9 347.4 346.3 gas phase 1 346.3
5, pyridineN-oxide Ca 378.1 336.4 333.2 324.4 cyclohexane 2.0 328
6, isoxazole Cs 455.5 434.0 422.9 403.6 DMSO 46.7 4163
7, PANO Cs 1354.1 1082.3 898.7 936.9 &t 43 ?
8, CH:NO, Cs 525.7 396.8 387.5 392.4 cyclohexane 2.0 393
9, PANG Ca 510.1 389.3 384.2 3887 CCly 2.2 389+ 3
10, Me,N-NO Cs 802.3 571.8 537.2 555.8 CHCI 4.8 ?
10, Me,N-NO Cs 262.0 268.1 256.1 251.2 CHZLI 4.8 251+ 3
11, H,CNN Cy, 583.8 428.3 398.4 4149 GBAD 32.6 400+ 5
11, H,CNN Ca 268.2 314.3 303.1 308.3 GHAD 32.6 302t 3
12, anti-MeNNOH Cs 547.3 451.7 420.3 367.1 GBAD 32.6 ?
12, ant-MeNNOH Cs 560.1 505.3 476.7 588.1 GBAD 32.6 ?
mean abs. dev. 101.0 30.4 21.2
mean abs. dev. withod2 100.5 22.1 11.8

aThe nucleus considered is underlined. Calculated with the (11s7p2d/6s2p)[7s6p2d/4s2p] basis of Kutzelnigg and c8-vRPMEEEL/6-
311G(2d,2p) geometries except where noted otherwise. For estimated gas phase values?$4B26KE2P geometry from ref 3. Experimental
shifts from ref 53 except where noted otherwi$&eference 32¢ Reference 36.

TABLE 3: Calculated and Experimental Oxygen (’O) Chemical Shifts @) in ppm Relative to Gaseous HO?

molecule sym. HF-IGLO UDFT-IGLO SOS-DFPT-IGLO (Loc2) expt solvent €
13, CH:OHP Cs —-12.4 5.9 6.3 -0.9 neat liquid 32.6
14, HO C 193.0 232.7 219.1 210.1 B 78.5
15, CH;CHOP Cs 698.2 700.5 658.3 628.1 neat liquid 21.8
16, Me,COP Co 660.7 674.7 639.4 6240 alkane ~2
17, propanal Cs 669.4 666.6 627.4 615.6 neat liquid 185
18, trans-propenal Cs 664.3 691.0 660.1 615.1 neat liquid
19, p-CeH4(CO), Dan 699.2 801.2 760.8 671.2 toluene 24
20, C,H,(CO),0 Ca 448.7 450.3 442.7 412.1 GEN 37.5
20, C,H,(CO),0 Co 325.2 387.4 383.3 337.1 GEN 37.5
2, C;H4(COXNH Ca 425.2 450.5 442.0 409.6 GEBN 375
21, C,H,(CO),0 Co 470.8 502.7 491.0 437.1 GEAN 37.5
21, C,H,(CO)0 Ca 272.6 329.0 325.7 288.1 GEBN 375
22, C;H;(CO)NH Co 457.7 516.5 502.2 447.1 GEAN 37.5
23, furan Ca 267.6 308.9 304.2 2721 CH.CI, 9.1
5, pyridineN-oxide Co 363.4 500.2 487.3 385.1 GAN 37.5
6, isoxazole Cs 399.6 430.8 423.1 3861 neat liquid
7, PhNO Cs 2212.4 1926.1 1532.4 656.1 not known
8, CHsNO, Cs 746.6 698.8 668.0 641.1 not known
9, PhNG Co 691.3 638.2 617.1 611"1 CH:CN 37.5
10, Me;N-NO Cs 994.2 787.7 720.4 696.1 neat liquid
mean abs. dev. 123.5 117.9 78.4
mean abs. dev. exdl. 45.7 57.2 36.4

aThe nucleus considered is underlined. Calculated with the (11s7p2d/6s2p)[7s6p2d/4s2p] basis of Kutzelnigg and c#-vRPMEEEL/6-
311G(2d,2p) geometries except where noted otherwis#2/TZ2P geometry from ref 3.Experimental shifts from ref 12 except where noted
otherwise 9 Reference 48: References 13, 14Reference 49 Reference 50" Reference 51.Reference 52.

the basic deficiency of DFT-based methods to underestimateerrors are in the range-10 to —15 ppm. Accordingly, the
electron clustering in the vicinity of the nucleus, which probably calculated mean absolute deviation of SOS-DE#Tchemical
results from the fact that the homogeneous electron gas is usedhifts decreases from 5.8 to 3.8 ppm when using TMS rather
as a starting point to model the electron distribution in a than CH as a reference (Table 1).

molecule. An underestimation of electron clustering leads to  As an alternative to changing the reference, one can introduce
Fock matrix elements and energies of occupied orbitals, which a diamagnetic correction term ef5.8 ppm or scale final shift
are both too positive. The consequences for diamagnetic andvalues by a factor of 0.98.Using the first alternative, we obtain
paramagnetic contributions to shieldings (or chemical shifts) the corrected SOS-DFPT(Loc2) values listed in Table 1. They
are that the former are too small and the latter too large, thus agree reasonably with experimental values, deviating from the
yielding too small (negative) shieldings and too large (positive) latter on the average by just 2.8 ppm. A similar accuracy is
chemical shifts. While the latter effect is well-known, the obtained when improving UDFT values by a diamagnetic shift
former effect can only be seen if the Coulomb telis exactly correction of —7.7 ppm determined in our previous paper.
calculated as done in this and in our previous worka the Again, this confirms that paramagnetic shift contributions play
case ofi3C chemical shifts, for which paramagnetic effects play a minor role for the'3C chemical shifts investigated and that

a minor role, the underestimation of diamagnetic contributions both UDFT and SOS-DFPT cover part of the correlation effects
can be corrected by changing from £td TMS as a reference.  that are necessary to achieve a higher accuracy than HF-IGLO.
The underestimation of diamagnetic shielding effects is larger 4.2. Nitrogen Shifts. As shown in Table 4, solvent effects
for TMS (=11 ppm) than for Cll (=7 ppm), which leads to  of 1“N/15N chemical shifts can be as large as-&D ppm, in
error cancelation since for most investigaté@ chemical shifts particular when H-bonding is involved. However, for solvents
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TABLE 4: Measured Solvent Effects in ppm for 13C, 15N,
and 170 NMR Chemical Shifts?

Olsson and Cremer

considering that H-bonding to N leads to a withdrawal of
negative charge from the N atom and, thereby, a deshielding

molecule dipole moment  solvent €  Ad (ppm) of the N nucleus. If N is not directly involved in H-bonding,
13C Chemical Shifts as is the case for GNO,, the deshielding effect is just 10.5
CH.CN 4.0 dioxane 22 34 ppm (Table 4). If solvent shifts of 10 and 20 ppm are taken as
CH,.CN 4.0 dioxane 2.2-0.9 lower and upper bounds for the corresponding effedt, ithen
CH,CHO 2.69 CDC} 48 4.9 its gas phase chemical shift will be between 20 and 10 ppm.
QCHHSCHO 2.69 CDCh 4.8 -0.2 Hence, the SOS-DFPT(Loc2) value of 21.5 ppm is probably a
(CHy),CO 2.88 CDCh 48 4.8 reasonable prediction of the chemical shiftlof the gas phase,
(CH,),CO 2.88 CDC4 48 05 L . -
15N Chemical Shifts which is suppt_)rted by a MP2 value of 15 pgrtaken in this
NH 155 MeO 50 108 work as a rellaple estimate of the gas phase yalue. Xor
3
neatliquid  16.9 19.0 magnitude and sign of the solvent effect should differ from that
H,O 785 22.5 in 1 since N in2 is part of a conjugated system involving the
CH,CN 4.0 cyclohexane 2.0 25 two carbonyl groups. This situation is similar to that of pyridine
benzene 23-14 and pyridineN-oxide, for which an upfield shift of 30 ppm has
ELO 43 1.4 been observed in aqueous solution (Table 4). Assuming that
DMSO 46.7 —5.7 : .
CHCl 48 —6.2 H-bonding also involves the N atoms of these molecules,
CH,OH 326 —11.0 H-bonding seems to increase the electronegativity of N and,
pyridine 2.19 cyclohexane 2.0-3.1 thereby, leads to a clustering of electrons at N, which is
benzene 23-6.5 supported by the relatively large polarizability of thesystem.
DMSO 46.7 —8.5 Sincez-conjugation in2 is less developed than in pyridine, it
CHCl; 48 —141 ; : h s
CH:OH 326 —26.5 is reasonable to assume a diamagnetic shielding effect of about
H,0O 785 —29.7 20 rather than 30 ppm due to the solvenCH Accordingly, a
pyridine N-oxide 3.80 cyclohexane 2.0 0 (assumed) gas phase value of 2G8 5 ppm can be expected, which is in
EtO 43 —-23 good agreement with the SOS-DFPT(Loc2) value of 204 ppm,
benzene 2.3-4.9 but differs by 30 ppm from the HF value of 174 ppm (Table
DMSO 46.7 —9.2 2).
833%'1. 3‘;86 _éﬁ Among the four heteroaromatic molecules pyrrd@y pyri-
H,0 78.5 —30.0 dine @), pyridine N-oxide (), and isoxazole®), the experi-
CHsNO, 3.46 cyclohexane 2.0 0 (assumed) mental shift values 08, 4, and5 are expected to be free or
CCl, 22 14 almost free of solvent effects since they were measured either
EEOCI i"g 2’? in the gas phase4) or in weakly polar solvents such as
benzene 23 41 cyclohexane §) or CDCk (3).31:32 The shift value of6 was
DMSO 46.7 105 measured in dimethyl sulfoxide (DMS®),which due to its
CHzOH 326 6.5 high dielectric constant of 463¥and complexation ability can
H:0 785 10.5 lead to solvent shifts of-8 to —12 ppm (Table 4). The SOS-
PhNG, 4.22 CCh 2.2 O(assumed)  DEPT(Loc2) shift values for3, 4, and 5 agree with the
_CHC|3_ 48 2.6 corresponding experimental values within 1, 1, and 9 ppm (Table
1’0 Chemical Shifts 2), while in the case o6 calculated and experimental shifts
(CHs).CO 288 ncggtlﬂhﬁ?dane 2027.0_109(assumed) differ by 19 ppm. Considering the solvent effects for cyclo-
H,0 q 785 —65 hexane {3 ppm) and DMSO in the cases4fnd5 (Table 4),

a Solvent shifts from refs 12, 13, 14, 53, 55.

with small dielectric constants (cyclohexane, benzene,,GEe
Table 4) solvent effects are smaller than 10 ppm. Both upfield
and downfield shifts are possible, which makes predictions on
the sign of a solvent shift for a particular compound in a specific
solvent rather difficult.

Both Table 2 and Figure 1 reveal that SOS-DFPT(Lag2)
(**N/*N) values are significantly closer to experimental shifts

gas phase values of 3283 and 416+ 3 ppm can be expected
for 5 and 6, respectively3! which are just 5-6 ppm smaller
than the corresponding SOS-DFPT(Loc2) values.

The experimental*N/1®N shifts of nitromethane8) and
nitrobenzene 9) have been measured in cyclohex®&nand
tetrachlorometharié and, accordingly, should be close to the
corresponding gas phase values (compare with Table 4). This
is in line with the fact that the SOS-DFPT(Loc?2) values 8or
and 9 are both within 5 ppm of the experimental values.
Deviations for the nitroso nitrogen in nitrosobenzeiig gnd

than the corresponding HF values. The calculated mean dimethylnitrosamine Z0) are significantly larger (38 and 19

deviations from experimental shifts for 12 compounds with 15
shift values are 101 ppm for HF-IGLO, 30 ppm for UDFT-
IGLO, and 21 ppm for SOS-DFPT-IGLO (Table 2). Consider-

ppm, Table 2), but still small (#8%) considering calculated
correlation effects of 455 and 265 ppm7rand 10. It is not
possible in these cases to make any predictions with regard to

ing a 550 ppm spread of experimental values, calculated meansolvent effects; however, it is likely that both solvent effects
absolute deviations correspond to 18, 5, and 4% error, respecand not covered correlation effects are responsible for the
tively. According to Figure 1, in some cases error bars are deviations between SOS-DFPT and experimental values. Also,

considerably larger than in other cases, and therefore, we will difficulties in determining the exact equilibrium geometry of a

discuss results in detail in the following.
The experimental shifts of methylamin®) @nd succinimide
(2) are both measured in wat€r?°which means that they could

nitroso compound might play a role. The HF and SOS-DFPT
shifts for the amine nitrogen dfo0 differ by just 11 and 5 ppm
from the experimental value (Table 2), suggesting that electron

severely be influenced by solvent effects. The change in the correlation plays a smaller role in this case.

nuclear magnetic shift of the nitrogen atom in ammonia when
going from gas phase to infinite dilute water solutiorH82.5
ppm2” This change ind(}*N/**N) can be understood when

The experimental shifts of the diazo compoungCNIN (11)
and the diazotatanti-MeNNOH (12) were measured in deu-
terated methandl, which interacts with1l and 12 via H-



Prediction of Nitrogen and Oxygen NMR Chemical Shifts J. Phys. Chem., Vol. 100, No. 42, 19966887

200 |

mHF

150 |
I |OSOS-DFPT(Loc2)

Z 4
?_? +
100 +
= T
u) L
E T
& 507
o 1
x 1
9 I
& I
o 07
3 T
= 1
3 I
©  -50 1
8 T
'O 4
-100 +
-150
[V]
o
T x
b4 Q
S Z o g 2 5 &
(o] o o B o 2 b4
fOQ.EGC)SOOC‘)“zz;l%ZIZZ
Z < © ® B w© = N o o 2 =
r £ £ £ €2 & 2 ¢ 2 & & 3 2 32 2
0(3'0.0-0.20-00-6,.-.-
-~ . e s e e s e -

Figure 1. Deviations (in ppm) of calculate®N chemical shifts from experimental values as obtained by HF (black bars) and SOS-DFPT(Loc2)
(white bars).

bonding, thus leading to considerable solvent effects in chemical molecules such akl have been investigated by CCSD or even
shifts. Since the terminal N atom dfl should primarily be CCSD(TY 39
involved in H-bonding, we tentatively assign a solvent shift of ~ 4.3. Oxygen Shifts. Agreement between calculated and
maximally 15 ppm (similar to that predicted ftron the basis experimental’O chemical shifts is much lower than in the case
of MP2 calculations), thus leading to a gas phase value of 400 of the“N/'N shifts, as is reflected by mean absolute deviations
4+ 5 ppm. The central N atom df1 resembles more the N of 123 (HF-IGLO), 118 (UDFT-IGLO), and 78 ppm (SOS-
atom in CHNO,, and therefore, it is reasonable to assume a DFPT, Table 3), respectively. Clearly, SOS-DFPT(Loc2) values
deshielding effect of 6.5 ppm (Table 4), in line with a gas phase are in better agreement with experiment by about80% than
value of 302+ 3 ppm. Deviations of SOS-DFPT(Loc2) shifts is the case for the corresponding HF values (Figure 2).
from estimated gas phase values are just 2 ppm for both N atomsHowever, even if one considers the fact that measu(étD)
in 11. It is noteworthy in this connection that Gauss and values cover a region of about 700 ppm, one has to realize that
Stantori® predict for11 gas phase values of 408.3 and 297.5 agreement between SOS-DFPT and experiment is poor com-
ppm, respectively, on the basis of CCSD(T)/PZ(3df) calcula- pared to results obtained fa('3C) andd(**N/5N). Possible
tions, which are close to our estimates. HA& reasonable reasons for these discrepancies have to be discussed in the
predictions of solvent effects cannot be made since H-bonding following.
may lead to relatively large changes in its electronic structure. The chemical shift of the two singly bonded oxygen atoms
On the other hand, it cannot be excluded that the calculatedin methanol 13) and hydrogen peroxidel4) should be little
differences between SOS-DFPT and experimental shifts (53, affected by correlation effects. Thus, both HF and SOS-DFPT-
N—Me; 111 ppm, N-OH) are partially caused by deficiencies (Loc2) give reasonably accurate predictions for these chemical
of the SOS-DFPT approach with regard to covering important shifts (Table 3, Figure 2), where it is not clear how solvent
correlation and/or paramagnetic effects. effects will change experimental shifts.

Excluding 12 from the comparison, the mean absolute For the carbonyl oxygens of acetaldehydB)( acetone 16),
deviation of SOS-DFPT(Loc2) shift values is only 11.8 ppm. propanal 17), andtrans-propenal 18), SOS-DFPT(Loc2) shift
In view of correlation effects up to 450 ppim) @nd uncertainties  values agree clearly better with experimental values than the
in experimental shift values because of unknown solvent effects, corresponding HF or UDFT values, indicating that both cor-
the good agreement between theory and experiment suggestselation and paramagnetic effects play a role in these cases. The
that, in the case of*N/*N chemical shifts, SOS-DFPT leads measured’O shift value of acetone (624.0 ppm) should be close
to a major improvement compared to HF-based chemical shift to the true gas phase value since it has been determined by
methods and can replace much more costly correlation-correcteddilution studies in three different alkane solvents and subse-
methods. This conclusion is fully confirmed when considering guently extrapolated to infinite dilutiol:1* Hence, it is likely
just those molecules for which gas phase values can bethat the SOS-DFPT value of 639 ppm (Table 3) is-16 ppm
estimated. A mean deviation of just 3 ppm is obtained, which too high. The'’O shifts of15, 17, and 18 were measured in
should be about the magnitude of uncertainties in estimated gasneat liquids, which could imply significant solvent effects.
phase values. An ab initio calculation®dN/*N chemical shifts However, the MP2 value fot5 (636.5 ppm) is just 8.4 ppm
with the same accuracy would require correlated ab initio higher than the experimental value of 628.1 ppm measured in
methods of the multiconfigurational SCF (MCSCF) or coupled- neat liquid. Considering that MP2 overestimates correlation
cluster (CC) type that are far too costly to be applied for the effects, the SOS-DFPT shift of 658 ppm might be actually closer
larger molecules considered in this work (some of the smaller to the gas phase value than the MP2 shift, probably exceeding
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Figure 2. Deviations (in ppm) of calculatetO chemical shifts from experimental values as obtained by HF (black bars) and SOS-DFPT(Loc2)
(white bars).

it by not more than 10 ppm. Since solvent effects should be SCHEME 2
even lower in the case df7, the measured shift of 616 ppm
should be within 8 ppm of the gas phase value, and accordingly,

N¢O N/O ] N/O <}
the SOS-DFPT value of 627 ppm should be rather close to the
latter. In any case, SOS-DFPT(Loc2) leads to an improvement - ® -—
of 20—-40 ppm for the’O values of15, 16, and 17 in
]

comparison to the corresponding HF values (Table 3). This is

not true forl8, for which the SOS-DFPT(Loc2) value is only

4 ppm lower than the HF value, but 45 ppm larger than the 7

experimental value of 615 ppm. There is no reason to suspect

either that solvent effects are substantially larger or that of the SOS-DFPT method itself that does not show up for C
correlation effects are substantially lower b8 than for17. and N shifts or O shifts of saturated molecules.

Therefore, the computed deviation from experiment seems to  For the nitro and nitroso compounds-10 (Table 3),
represent the actual deviation from the gas phase value (45 ppm)easonable SOS-DFPT(Loc2) shifts are obtained (deviations

and, thereby, a shortcoming of the DFPT approach. 6—27 ppm, Table 3) with the exception of molecule
For p-benzoquinone 19), succinic anhydride20), maleic (deviation: 876 ppm). The latter molecule represents a typical
anhydride 21), maleimide 22), furan @3), pyridine N-oxide multireference problem, and therefore, it is difficult to get a

(5), and isoxazole®), the SOS-DFPT(Loc2) method leads on reasonablé’O chemical shift of7 with a single-determinant
the average to a deviation of 52 ppm (Table 3), while HF values approach despite a correlation correction of almost 700 ppm
differ by just 19 ppm, where calculated values are mostly too obtained at the SOS-DFPT level of theory. It is interesting to
large. Shift measurements f20—23 as well ass were carried note that the inherent correlation corrections of SOS-DFPT are
out in acetonitrile, which is a very polar solvert £ 37.5). sufficient in the case of the N shift af (deviation: 38 ppm,
Molecule 19 was measured in toluen@,n neat liquid, an®3 Table 2). Probably, this has to do with the fact that nondynamic
in CH,Cl,, which is still too polar € = 9) to exclude significant  correlation effects influence the charge distribution at O stronger
solvent effects. Likewise, although the aromatic solvents have than at N, as may be illustrated by the dominant resonance
low dielectric constants, they can interact with aromatic solutes structures of7 (Scheme 2).

by specific complexation. In all these cases, solvation will  If one excludes molecul@ from the comparison, the mean
increase charge separation in the molecule, which means thatbsolute deviation between SOS-DFPT and experimental shift
the O atoms become more negatively charged. As a conse-values decreases from 78 ppm to 36 ppm. The corresponding
guence,’0 values in solution are more upfield than the HF and UDFT errors are 46 and 57 ppm (Table 3), which is
corresponding gas phase values. However, it is unlikely that considerably higher than the 20 ppm deviation that one gets at
solvent effects are of a magnitude that they are responsible forthe HF-IGLO level for O-containing molecules that do not
the large deviations of SOS-DFPT values from experiment found possess a conjugatedsystent® If just these molecules are
for 19—23, 5, and6. Since the same basis sets and geometries considered, SOS-DFPT errors are in the range 1% ppm,
have been used for the HF and SOS-DFPT calculations, thesuggesting a 36040% improvement with regard to HF values.
relatively poor performance of the SOS-DFPT(Loc2) method Obviously, the intentional choice of a considerable number of
for conjugated compounds seems to indicate some intrinsic errorcritical cases leads to the relatively large mean error of 36 ppm.
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energy corrections when calculating paramagnetic contributions
1000 1 to chemical shifts. Although these contributions depend on the
000 ] ; sum of all excitation energies expressed by appropriate orbital
8001 170 NMR Chemical Shifts energy differences, the strongest impact on the paramagnetic
shielding term will result from the lowest excitation energy
represented by the differeneLUMO) — ¢(HOMO). In the
case of conjugated-systems, this difference will be relatively
small and rather sensitive to errors in the energy of the HOMO.
In addition, there is more than just one excitation energy with
a relatively small value so that error progression in the
calculation of the paramagnetic term increases more than for a
saturated molecule. As a consequence, paramagnetic contribu-

Difference SOS-DFPT(Loc2)-Exp [ppm]

1007 . o P 20 2 30 tions to thel’O chemical shifts are still overestimated by SOS-
1/(LUMO-HOMO) [1/hartree] DFPT even when using the somewhat larger Loc2 rather than
Figure 3. Deviations (in ppm) of SOS-DFPT(LocZI0 chemical shifts Fhe Locl cpr.rectiqn factor. Figure 3 clearly reveals_that. Loc2
from experimental values given as a function ofe(UUMO) — e- is not sufficient in these cases and that a recalibration of
(HOMO)] (see text). paramagnetic shift contributions is needed@ chemical shift
calculations with SOS-DFPT.
5. Discussion and Conclusions This conclusion is confirmed by the fact that use of the linear

relationship shown in Figure 3 leads to a general improvement
of 1’0 chemical shifts so that the mean absolute deviation
between SOS-DFPT and experimental shifts decreases from 36.4
to 13.6 ppm (excluding’), which indicates that part of the
solvent effects is also absorbed by these corrections. A similar
improvement can be obtained for UDFT chemical shifts if
deviations are compared with the corresponding difference
(LUMO) — ¢(HOMO). One finds a stronger coupling between
these quantities, which simply reflects the fact that the Loc
corrections also have to be covered in the case of UDFT

Results presented in this work clearly confirm the tentative
conclusions of our previous repdrt.The SOS-DFPT(Loc2)
method can be used to predict carbon and nitrogen chemical
shifts with an accuracy that otherwise would be obtainable only
with the help of highly correlated ab initio methods. This is
especially true for systems with considerable correlation effects
such as nitro and diazo compounds for which multiconfigura-
tional SCF or coupled-cluster methods would be needed to
achieve the same level of accuracy. For most of the systems
studied, errors in the calculated nitrogen shifts are smaller than hemical shift
typical solvent effects for the same atom. SOS-DFPT(Loc2) chemica S : s L
provides an improvement of calculated shift values by 30% A recalibration of the Loc correction in the case ¥D
compared to the corresponding HF-IGLO values. chemical shifts has to cope with three different problems.

Additional calibration of diamagnetic and/or paramagnetic (1) Oxygen nuclear magnetic shieldings are more sensitive
contributions in the case of the N chemical shifts as done in to the correct calculation of both diamagnetic and paramagnetic
our previous Work is not advisable since uncertainties in Shleldlng contributions. (2) An underestimation of diamagnetic
experimental values due to solvent effects do not make it Shielding terms typical of DFiTshould be more important for
possible to achieve an accuracy that is higher than 3 ppm. Foroxygen than for nitrogen or carbon. (8J0 chemical shifts
both 13C and “N/15N chemical shifts this accuracy has been are more sensitive to solvent effects tHaN/*>N or 1°C shifts;
achieved by SOS-DFPT(Loc2) calculations, which provides a however, exact solvent shifts are hardly known in this case.
sufficient basis for discussing, for example, solvent effects in  In general, correlation corrections become more important

the case of“N/!N chemical shifts. with an increasing number of electrons, increased clustering of
Two caveats, however, are necessary concerning the calcula€lectrons in limited space, an increasing number of electron lone
tion of (a) typical multireference systems and {i) chemical pairs, and a larger anisotropy of the charge distribution, where,

shifts. DFT can cover only part of the multireference effects of course, some of these factors depend on each 8thelearly,

and, therefore, will fail if the latter become too large. A typical electron correlation effects should be more important for oxygen
example is7, for which errors in calculated chemical shifts than for nitrogen. Oxygen is more electronegative than nitrogen,
extensively exceed those found for other molecules. In Figure and therefore, its orbitals are more contracted, which means that
3, deviationsA between SOS-DFPT and experimentaD its electrons are forced into smaller space, which makes electron
chemical shift values are plotted against the energy gap betweercorrelation more complicated. For example, it is well-known
HOMO and LUMO. As far as O atoms within a conjugated that three-electron correlation effects become more important
m-system are concerned, there is a linear relationship\alues with increasing electronegativity of an atdfh.In the same way,

to 1/((LUMO) — ¢(HOMO)), which suggests that in these cases pair correlation for an electron lone pair is more pronounced
there is still a considerable error in paramagnetic shielding than for a bonding electron pair because the available space for
contributions despite the Loc correction of SOS-DFPT. The a lone pair is much smaller than for a bonding pair. Oxygen
otherA values scatter strongly around this relationship, which possesses one electron lone pair more than nitrogen, and as a

is not surprising in view of possible solvent effects of-13D consequence, even pair correlation is larger for O than for N.
ppm. Figure 3 also demonstrates the fact tha¢presents an For a given basis set and method, the description of an
exception since there is almost a exponential dependenceO-containing molecule is always more difficult than for a
(indicated in Figure 3) on (LUMO) — ¢(HOMOQ)) in this N-containing molecule of similar electronic structure. Apart

case. This confirms that the correct treatment of correlation from this, one has to consider specific errors in the case of
effects more than that of paramagnetic effects is the problem conjugated systems. HF theory exaggerates the polarity of the
when calculating thé(*’O) value of7. CO bond with the result that partial charges at O are too large,
A similar relationship between deviationsand 1/¢(LUMO) thus leading to large diamagnetic shieldings. Simple correlation
— ¢(HOMO)) can be found for UDFFO NMR chemical shifts. methods such as MP2 often underestimate the polar character
It underlines the necessity of introducing appropriate orbital of a polar bond and, therefore, also underestimate diamagnetic
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TABLE 5: Comparison of Calculated and Experimental paramagnetic deficiencies of a UDFT calculation&ifi/1>N
Dipole Moments (|n Debyesﬁ Chemical Shifts_
molecule sym. DFT expt (3) SOS-DFPTS(*70) values differ from measured solution
1, CHaNH,® C. 1.34 1.31 phase values on the average by 36 ppm. Agreement can be
2, CoHa(CORNH Ca, 2.00 improved to 13 ppm by correcting shift values with the help of
3, pyrrole Co 1.88 1.84 calculated HOMG-LUMO energy differences. This indicates
4, pyridine Ca, 2.24 219 that the Loc correction has to be readjusted ¥@ chemical
g' gggggls'ox'de gz 2-82 shifts. In connection with the recalibration of the Loc correction,
7: PhNO c. 394 a systematic investigation of solvents effects @ chemical
8 CH:NO, C. 3.43 3.46 shifts will be necessary.
9, PhANG Co 4,54 4.22 (4) SOS-DFPT fails to lead to reasonable shift values in the
10, Me:N-NO Cs 4.05 case of molecules with strong multireference character such as
11, H.CNN Ca 171 1.50 nitrosobenzene7j. Otherwise, SOS-DFPT seems to cover a
ig %ﬁ;’gﬂﬁ!\'NOH gz i:gg 170 large part of electron correlation effects, thus leading to an
14, H,0,° G 1.75 220 accuracy of calculated chemical shifts that is close to GIAO-
15, CH;CHO? Cs 2.78 2.69 MP2 chemical shift values.
16, Me,COP Co 2.98 2.88
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