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A multiple linear regression analysis has been carried out using and amide groups and of the dicoordinated oxygen Oe with the
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the Kamlet–Abboud–Taft solvatochromic parameters in order to
quantify the solvent effects on the 17O chemical shifts of methyl
ormate (MF). The influence of the solvents upon the carbonyl
xygen chemical shifts is smaller for MF than for N-methylform-
mide (NMF). The influence (in parts per million) of the solvent
olarity–polarizability reduces from 221.9p* in amides to
9.6p* in MF. The influence of the solvent hydrogen-bond-donor

cidities reduces from 242.0a in formamides to 216.9a in MF.
he solvent effects upon the dicoordinated oxygen chemical shifts
f MF are smaller in magnitude and opposite in direction, i.e.,
.8p* and 2.6a, than those for the carbonyl oxygen. 17O hydration

shifts have been calculated for the NMF 1 (H2O)6 and MF 1
(H2O)5 complexes by the ab initio GIAO method at the 6-311 1
G** level. The hydration shifts calculated for the carbonyl oxygens
of NMF and MF and for the dicoordinated oxygen of MF, 2102.4,
264.7, and 17.6 ppm, respectively, show the same trend as the
corresponding empirical hydration shifts, 2101.7, 242.0, and 14.2
ppm. © 2001 Academic Press

Key Words: solvent effect; oxygen-17 chemical shifts; linear
solvation shift relationships; ab initio hydration shift; methyl
formate.

INTRODUCTION

17O chemical shiftsd(17O) are extremely sensitive, in ge-
ral, to both solvation and substituent effects (1–3). Recently
satisfactory model for the quantitative description of

olvent effects and determination of the substituent ef
pon thed(17O) chemical shifts of amides was proposed

Diez et al. (4). This model was derived from a multiple-line
egression analysis (MLRA) using the Kamlet–Abboud–
KAT) solvatochromic parameters (5–8). The same approa

is applied in this work to the description of the solvent eff
upon thed(17O) chemical shifts of methyl formate (MF) wi
he aim of comparing the behavior of carbonyl oxygen in e
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carbonyl oxygen Oc in MF (see Fig. 1).
Models for describing the solvent effects on thed(17O)

chemical shifts of amides were proposed first by Burgar
colleagues (9, 10) and then by Gerothanassis and co-wo
ers (3, 11). The later model was reduced to a more qua
ative basis (4) by application of the KAT parameters usi

linear solvation shift relationships. The chemical shifts
the four amides analyzed in (4) (N-methylformamide, NMF

,N-dimethylformamide, DMF;N-methylacetamide; NMA
nd N,N-dimethylacetamide, DMA) show the same dep
ence (in ppm) on the solvent polarity–polarizability, i
21.9p*. On the other hand, the influence of the solv

hydrogen-bond-donor (HBD) acidities is slightly larger
the acetamides NMA and DMA, i.e.,247.5a, than for the
formamides NMF and DMF, i.e.,242.0a. The influence o
the solvent HBD acidity is expected to be related to so
hydrogen-bond-acceptor (HBA) basicity, as measured
the b scale, and the influence of the solvent polarity/po
izability is expected to be related to the solute pola
polarizability, as measured by thep* scale. Unfortunately
these relations cannot be quantified from the amide re
since thep* and b parameters are available only for DM
and DMA, being close for both molecules the correspon
values ofp*, 0.88 and 0.85, and ofb, 0.69 and 0.76. On th
contrary, for the MF molecule thep* value, 0.55, and theb
value, 0.37, differ from those of DMF and DMA, providi
the present study of the solvent effects ond(17Oc) chemica
shifts of MF the pertinent results for elucidating the tre
of the relationships between the influence of the sol
upon thed(17Oc) chemical shifts and the solute solvatoch-

ic parametersb and p*.
The application of MLRA using the KAT parameters (5–8)

to the quantitative description of the solvent effects upon
d(17O) chemical shifts provides less satisfactory results for
than for amides (4). With the aim of clarifying some of th
difficulties found in these analyses, comparativeab initio stud-
ies have been performed for NMF and MF comprising ca
ail:
1090-7807/01 $35.00
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X 5 d CH

X 1 sX~p*Y 1 dXdY! 1 aXaY 1 bXbY, [1]
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2 DE KOWALEWSKI ET AL.
lations of shielding constants for the free molecules, hydra
shifts, and solvent reaction field shifts.

LINEAR SOLVATION SHIFT RELATIONSHIPS (4–8)

A discussion ofab initio methods for the calculation of t
NMR shieldings has been given in a recent review (12) where
the authors stress that there is no systematicab initio theory of
NMR parameters in interacting atomic or molecular syste
Reliable supermolecule calculations, where some neighb
solvent molecules are explicitly included in the calcula
together with the solvent molecule, only can be carried
when the solvent molecule is small. This approach has
applied in the present work to the calculation of hydra
shifts of oxygen in NMF and MF. On the other hand,
solute–solvent hydrogen bond effects are not accounted
the continuum models developed for describing the ele
static effects of a surrounding dielectric medium. There
this approach, which has also been used in the present
only may be applied for solvents where the hydrogen b
contributions are negligible. A proper treatment of the sol
effects requires the combined use of quantum chemistry
molecular dynamics approaches, but efficient technique
performing this kind of calculations have not been develo
yet (12).

The development of empirical solvent scales (5–8, 13, 14)
was originally prompted by the need to quantify solvent eff
which were beyond the reach of theoretical tools. Using
framework, a linear dependence upon solvent paramet
assumed for describing a solute property such as a che
shift (5). Of the many solvent scales that have been prop
the KAT ones (5–8) have been found to be very success
The application of the KAT formalism to the analysis of
solvent effects on17O chemical shifts is scarce (4, 15). On the
contrary, the application of this formalism to the chem
shifts of the other nuclei (1H, 13C, 19F, . . .) is frequent (5). In
particular, the solvent effects on nitrogen NMR shieldings h
been thoroughly studied by Witanowski and colleagues (16–19
and references quoted therein).

According to the KAT formalism, the observed chem
shift, dY

X, of oxygen X (X equal to c or e for carbonyl
dicoordinated oxygens, respectively) at infinite dilution in
vent Y would be given by the relationship

FIG. 1. Chemical formulas of methyl formate (MF) andN-methylform-
mide (NMF).
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where the solvent effects are described by the solvent pa
etersp*Y, dY, aY, andbY. Thep* scale is an index of solve
dipolarity/polarizability, which measures the ability of the s
vent to stabilize a charge or a dipole due to its dielectric ef
The a scale of solvent hydrogen-bond-donor acidities
scribes the ability of the solvent to donate a proton
solvent-to-solute hydrogen bond. Theb scale of hydrogen
bond-acceptor basicities measures the ability of the solve
accept a proton (i.e., to donate an electron pair) in a solu
solvent hydrogen bond. Thed parameter is a polarizabili
correction term for polychlorinated (d 5 0.5) and aromati
(d 5 1.0) solvents. The coefficientssX, aX, andbX in Eq. [1]
define, respectively, the sensitivity ofdY

X to solvent dipolarity–
polarizability, acidity, and basicity. The product of coefficie
sXdX defines the sensitivity ofdY

X for the polarizability correc-
ion term.

The termdCH
X in Eq. [1] is the chemical shift of oxygenX

easured in cyclohexane, since this reference solvent do
orm hydrogen bonds (aCH 5 bCH 5 0) and was selected
define the origin of thep* scale (p*CH 5 0). The termsx(p*Y 1
dXdY) accounts for the difference between the contribution
dY

X in solventY and in cyclohexane from the solute–solv
interactions other than hydrogen bonding. The termsaXaY and
bXbY represent the contributions from hydrogen bonds
methyl formate with solvents HBD and HBA, respectively

Taking into account the fact that in cyclohexane solution
hydrogen bonding interactions are absent, the chemical shd 0

X

for the isolated molecule could be estimated as

d 0
X 5 d CH

X 1 sXp*0, [2]

wherep*0 is thep* value in vacuum (i.e., for a bulk dielectr
constant[ equal to 1). On the basis of vapor-phase electr
spectra of eight solvatochromic indicators, thep*g ('p*0) value
of the gas phase was reported by Abboud and colleague20)
o be 21.06 6 0.1. Recently, a refined value of21.23 was
eported (8) for p*g.

The solvent parametersp*, a, and b used in the prese
work for Eq. [1] are given in Table 1. The used solvents w
chosen taking into account the three constraints on M
suggested (7) by Abrahamet al.: (i) there must be enough da
points taken, (ii) the explanatory variables must cover as
a range as possible, and (iii) the explanatory variables mu
be linearly dependent. For these solvents, the polariza
correction parameterdY is, in principle, equal to zero. For th
reason, the termdXdY should be excluded from Eq. [1]. On t
other hand, MF is a HBA base, (a 5 0, b 5 0.37). For this
reason, the termbXbY should be also excluded from Eq.
which reduces to

d Y
X 5 d CH

X 1 sXp*Y 1 aXaY. [3]
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TABLE 1

5 0
6 0
7 7
8 1
9 5
1 6
1 7
1 5
1 2
1 8
1 0
1 00
S

LE

3OXYGEN-17 SOLVENT EFFECTS IN METHYL FORMATE
Our set of 16 data points is ample for the three-param
regressions to Eq. [3]. The perfluorinated solvents1–3 and the
nonaromatic hydrocarbons4–6 are non-hydrogen-bonding s
vents, (a 5 0, b 5 0). For these solvents, Eq. [3] reduces

d Y
X 5 d CH

X 1 sXp*Y. [4]

For the HBA bases7–10, (a 5 0, b Þ 0), Eq. [4] should als
be applicable, raising the number of data points availabl

Solvatochromic Parameters (p*, a, b) Used in Eq. [1]

SolventY p* a b

1, perfluorohexane 20.48 0.00 0.00
2, perfluoromethylcyclohexane 20.48 0.00 0.00
3, perfluoromethyldecalin 20.34 0.00 0.00
4, hexane 20.11 0.00 0.00

, cyclohexane 0.00 0.00 0.0
, decalin 0.09 0.00 0.0
, diethyl ether 0.24 0.00 0.4
, triethyl amine 0.09 0.00 0.7
, tetrahydrofuran 0.55 0.00 0.5
0, dimethyl sulfoxide 1.00 0.00 0.7
1, acetonitrile 0.66 0.19 0.3
2, 2-propanol 0.48 0.76 0.9
3, methanol 0.60 0.93 0.6
4, water 1.09 1.17 0.1
5, trifluoroethanol 0.73 1.51 0.0
6, hexafluoroisopropanol 0.65 1.96 0.
olute
MF 0.55 0.00 0.37
DMF 0.88 0.00 0.69
DMA 0.85 0.00 0.76

TAB
Solvent Effects on the 17O Chemical Shifts dY

c (ppm
Calculated and Experimental V

SolventY dY
c dY

1

1, perfluorohexane 372.45 12.2
2, perfluoromethylcyclohexane 372.36 12.2
3, perfluoromethyldecalin 372.00 11.4
4, hexane 373.98 22.7
5, cyclohexane 373.51 23.2
6, decalin 372.67 23.1
7, diethyl ether 370.06 10.8
8, triethyl amine 372.01 11.6
9, tetrahydrofuran 368.16 10.4
10, dimethyl sulfoxide 363.83 12.0
11, acetonitrile 362.34 11.4
12, 2-propanol 361.12 20.9
13, methanol 359.82 25.2
14, water 342.55 11.6
15, trifluoroethanol 342.28 21.1
16, hexafluoroisopropanol 332.66 12.5
er

or

hiprotic solvents11–14, (a Þ 0, b Þ 0) and the HBD acid
5 and16 (a Þ 0, b 5 0), Eq. [3] must be applied. Therefo

there are 6 data points which are useful for determining
parameteraX.

EXPERIMENTAL

NMR Measurements

All compounds used in this work were available comm
cially and when necessary they were purified by distillat
Their identities and purities were checked from their1H and
13C spectra.

The 17O NMR spectra were recorded with a Bruker AM-5
spectrometer operating to 67.801 MHz from 0.5 M solution
methyl formate in 16 different solvents with D2O as externa
standard. Sample temperatures were established at 298 K
the instrument’s temperature control. Spectra were taken
the following parameters: memory size, 4K; spectral wi
62,500 Hz; acquisition time, between 0.03 and 0.06 s; d
resolution, between 15 and 30 Hz per point; pulse width 20ms;
and number of sweeps, between 50,000 and 120,000
relaxation delay Gaussian multiplication was used in the w
solution to separate the H2O–D2O signals.

The 17O chemical shifts reported in Table 2for the carbony
oxygen, Oc, and in Table 3for the dicoordinated oxygen, Oe,
are the average values of at least three independent me
ments. They were corrected for the magnetic suscepti
effects according to

dcor 5 dobs2 ~4p/3!~xs 2 x r! 3 106, [5]

2
MF Carbonyl Oxygen and Differences dY

i between
es for the Corresponding i Fits

dY
2 dY

3 dY
4 dY

5 dY
6

11.9 — 10.8 10.6 11.0
12.0 — 10.9 10.7 11.0
11.5 — 10.5 20.7 10.1
22.0 10.1 — 20.2 20.5
22.2 20.5 — 21.1 21.0
22.0 20.5 — 21.3 21.0
20.3 10.7 21.0 11.3 10.3
21.3 10.2 22.1 12.2 20.3
20.3 20.4 20.9 20.3 20.6
11.2 20.4 10.7 20.7 20.4
11.5 11.2 11.0 11.1 11.3

— — — 20.1 —
— — — 23.7 —

11.5 10.3 11.5 12.7 12.3
21.9 21.7 21.9 22.8 22.8
10.4 11.0 10.5 12.3 10.7
) of
alu
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4 DE KOWALEWSKI ET AL.
wheredobs anddcor are the observed and the corrected chem
shifts in units of parts per million, andxs andxr are the volum
magnetic susceptibilities of the sample and the reference
tions, respectively (21). The susceptibilities of solutions we
estimated by adding the susceptibilities of the pure compo
multiplied by their volume fractions. The chemical shifts
trapolated to infinite dilution in hexane, cyclohexane,
tetrahydrofurane differ less than 0.6 ppm for Oc and 0.3 ppm
for Oe, from those given in Tables 2 and 3 corresponding to
M solutions.

MO Calculations

The 17O shielding constants have been calculated usin
noncorrelated gauge independent atomic orbital method G
(22) at the 6-3111 G** level with the Gaussian 94 progra
(23). For the free molecules also, the correlated second-
LORG method SOLO (24) has been used with the RPA

rogram (25) interfaced to the GAMESS program (26).
The shielding constants for the free molecules of NMF
F were calculated using full gradient optimized MP2/6-31
olecular geometries. The hydration shifts were calcu
sing full gradient optimized structures for the comple
MF 1 (H2O)4 and MF1 (H2O)4. Theab initio optimizations

have been performed at the SCF level for basis sets of d
zeta plus polarization quality (27). These basis sets were c
structed as 3,1 contractions of the shared-exponent va
basis sets of Stevenset al. (28). The H basis was the scal

unning DZ basis (29). The exponents used with polarizat
unctions wereap(H) 5 1.0,ad(O) 5 0.80,ad(N) 5 0.77, and

ap(C) 5 0.75. In all calculations, the 1s core electrons o
arbon, nitrogen, and oxygen were replaced by compact e
ive potentials CEP (28), which results in a decrease in

Solvent Effects on the 17O Chemical Shifts dY
e (ppm) o

Calculated and Experimental V

SolventY dY
e

1, perfluorohexane 136.70
2, perfluoromethylcyclohexane 136.89
3, perfluoromethyldecalin 137.07
4, hexane 140.01
5, cyclohexane 140.31
6, decalin 140.47
7, diethyl ether 140.78
8, triethyl amine 139.68
9, tetrahydrofuran 142.01
10, dimethyl sulfoxide 145.00
11, acetonitrile 142.87
12, 2-propanol 143.94
13, methanol 143.33
14, water 146.82
15, trifluoroethanol 146.43
16, hexafluoroisopropanol 149.26
al

lu-

ts
-
d

.5

he
O

er

d
*
d
s

ble

ce

c-

asis set superposition error relative to comparable all ele
alculations (27, 30). The structures were restricted to Cs sym-

metry during the optimization.
The solvent reaction field shifts were evaluated by mea

a shielding constant GIAO calculation performed at
6-311 1 G** level in the presence of a solvent, using
self-consistent reaction field (SCRF) approach (31, 32), as it is
implemented in the DALTON program (33). The solvent re
sponse to the presence of the solute was represented
multipole expansion including all terms up toL 5 10 (33). In
the SCRF model the solute is placed in a spherical cavity
surrounded by the dielectric medium; the cavity radii of
(a0 5 3.41 Å) and NMF (a0 5 3.68 Å) were estimated by
gas-phase molecular volume calculation using the Gaussi
program (23). Full gradient optimized molecular geometries
MF and NMF surrounded by the dielectric medium were u
in these calculations. Theab initio optimizations were pe
formed at the SCF level using the same basis sets of d
zeta plus polarization quality (27) as for the hydration com

lexes.

RESULTS AND DISCUSSION

Carbonyl Oxygen

Several linear equations including different sets of te
from Eq. [1] have been applied to the analysis of the com
set of 16 experimental carbonyl oxygen chemical shiftsdY

c of
MF as well as to some subsets from this. Least-squares
estimates for the MF parameters from the correspondin
are given in Table 4. DifferencesdY

i between calculated and e-
erimental chemical shifts for each fiti are reported in Table
Although in our case the general Eq. [1] with five ter

F Dicoordinated Oxygen and Differences dY
i between

es for the Corresponding i Fits

Y
1 dY

2 dY
3 dY

4

0.5 10.5 — 10.1
0.3 10.3 — 20.1
0.8 10.8 — 10.4
0.9 21.0 20.4 —
0.7 20.8 20.3 —
0.4 20.6 20.1 —
0.2 20.1 10.1 20.4
0.0 10.2 10.6 20.1
0.1 10.1 10.1 20.1
0.7 20.7 21.2 20.9
0.3 10.3 10.2 10.1
0.5 20.2 10.0 20.3
1.3 11.4 11.5 11.4
1.1 10.9 10.5 11.0
0.6 10.5 10.5 10.5
1.5 21.6 21.4 21.5
f M
alu

d

1
1
1
2
2
2
2
1
1
2
1
2
1
1
1
2
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5OXYGEN-17 SOLVENT EFFECTS IN METHYL FORMATE
would be reduced to Eq. [3] with three terms, an initial fit 1
performed to an equation with four terms: the three term
Eq. [3] and the termbXbY from Eq. [1]. This term was adde
to Eq. [3] in order to check whether a negligible value
obtained forbc according to the fact that MF is an HBA ba
The statistical quality of correlation for fit 1 can be conside
satisfactory (see Table 4) for a MLRA using the KAT para
eters, but the resulting value of 5.86 2.6 ppm for the param
eterbc (see Table 4) is not negligible. When the termbXbY is
not added to Eq. [3] the statistical quality of correlation for
fit decreases slightly: the correlation coefficientr decrease
rom 0.983 to 0.975 and the root-mean-squared deviatis
increases from 2.5 to 3.0 ppm. The change ins is related
mainly to the increase of the deviationsdY between the calcu-
lated and the experimentald(17Oc) chemical shifts for 2-pro-
panol,12,and methanol,13,solvents which goes from, respe
tively, 20.9 and25.2 ppm in fit 1 up to24.7 and27.0 ppm
n the fit to Eq. [3]. A fit to the same equation as fit 1,
xcluding these two alcohols from the data set, improve
tatistical quality of correlation (r 5 0.993; s 5 1.7) and

provides a negligible value of 1.16 2.8 ppm forbc. Taking
into account these results, the alcohols12 and 13 were ex
cluded from the data set in the following fits except in fit

A good statistical quality of correlation is obtained for fi
to Eq. [3], excluding the alcohols12 and13 from the data se
However, there is a shortcoming in the resultingdY

2 deviations
between calculated and experimental values given in Tab
the average of thedY

2 deviations is11.8 ppm for the perflu-
rinated solvents1–3 and22.1 ppm for the hydrocarbons4–6.
he difference of ca. 4 ppm between these two figure
xcessive since the only solvent effect operative in this ca
escribed by the termsXp*Y. The values of thep* paramete

for solvents1–3 are negative and larger in magnitude t
those for solvents4–6; see Table 1. Accordingly, the calcula
d(17O) chemical shifts are larger for the first than for the sec

Least-Squared-Fitted MF Parameters for Eq. [1] from a S

V

1 2

Parameter
dCH

c 370.36 1.0 371.36 0.5 373.
d0

c — — —
sc 28.96 2.1 26.36 1.1 29.6
scdc — — —
ac 215.06 1.5 217.46 0.9 216.9
bc 5.86 2.6 — —

Statisticsa

s 2.5 1.7 0
r 0.983 0.993 0
n 16 14 11
m 4 3 3

a Root-mean-squared deviation (s), correlation coefficient (r), number of
s
in

.
d
-

e

t
he

2:

is
is

d

group of solvents contrary to the experimental behavior.
ternatively, the discussed shortcoming could be attributed
anomalous behavior of solvents1–3 or of solvents4–6. In
order to elucidate this question, two additional fits to Eq.
were performed excluding solvents1–3 from the data set in fi
3 and excluding solvents4–6 in fit 4. The smaller value ofs for
fit 3, 0.9 ppm, than for fit 4, 1.3 ppm, suggests an anoma
behavior of perfluorinated solvents. This suggestion is
supported by the fact that the average of thedY

4 deviations fo
solvents1–3 in fit 4 is positive,10.7 ppm, as it is in fit 2. I
this context it is interesting to note that studies of solvatoc
mic indicators in perfluorinated solvents (34, 35) showed tha
p* values for these materials are significantly indicator-de
dent.

The results from the fits 2 to 4 relative to the perfluorina
solvents1–3 suggest that for polyfluorinated solvents, like
polychlorinated solvents, the polarizability correction te
dXdY of Eq. [1] should be retained in the fits. The statist
quality of correlation for the corresponding fit 5 to Eq.
including the five terms and takingdY 5 0.5 for the polyflu-
orinated solvents1, 2, 3, 15,and 16 and dY 5 0.0 for the
remaining solvents, is better than that for fit 1 where the
dXdY was excluded from Eq. [1]. However, the resulting va
of 210.7 6 3.6 for the parameterscdc is clearly too large i
comparison with the value of 2.56 1.1 ppm found in amide
4). When the termbXbY is excluded from Eq. [1] the magn-

tude of deviationsdY for alcohols12 and 13 increase up t
22.4 and24.7, respectively. When these two alcohols
excluded from the data set the results of fit 6 are obtained
magnitude of thescdc parameter decreases to26.96 2.7 ppm
but this figure seems still to be by far too large. Compariso
the results in Tables 2 and 4 for fit 6 with those for fit 3 sh
that both fits are near equivalents. When the alcohols12and13

re excluded from the data set, the results obtained by in
ng the termdXdY into the equation, fit 6, are close to tho

es of Fits of Carbonyl Oxygen Chemical Shifts dY
c (ppm)

es for the following fits

4 5 6

0.4 370.56 0.5 372.56 1.1 372.56 0.6
— — —

0.8 25.96 0.9 212.46 2.0 29.06 1.4
— 210.76 3.6 26.96 2.7

0.5 217.16 0.7 212.36 1.4 215.26 1.1
— 4.16 2.1 —

1.3 1.8 1.3
8 0.996 0.991 0.996

11 16 14
3 5 4

a points (n), and number of parameters (m).
eri

alu

3
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obtained without this term but excluding the perfluorina
solvents1–3 from the data set, fit 3. Anyway, these solvents
not useful for estimating the chemical shiftsd0

c of the isolated
molecule of MF despite the fact that their negativep* values

re closest to that of the gas phase. Differences betwee
alues of the parametersdCH

c , sc, and ac for fits 3 and 6 ar
small but we prefer to use hereafter the results for fit 3, w
seem to be more physically meaningful.

Dicoordinated Oxygen

The solvent effects upon the dicoordinated oxygen chem
shiftsdY

e of MF are much smaller and opposite in direction t
or the carbonyl oxygen chemical shiftsdY

c. While the range o
dY

c values in Table 2 is of 41.3 ppm, from 373.98 to 332
ppm, the range ofdY

e values in Table 3 is of 12.6 ppm, fro
136.70 to 149.26 ppm.

The initial fit 1 to Eq. [3] enlarged with the termbebY

provides a negligible value of 0.56 0.8 ppm for the paramet
be. When the termbebY is not added to Eq. [3], fit 2, the resu
barely differ from those for fit 1; see Tables 5 and 3. As in
case of the carbonyl oxygen, thedY

2 deviations between calc-
ated and experimental chemical shifts, given in Table 3
ositive for perfluorinated solvents1–3 and negative for hy
rocarbons4–6 with average values of10.5 and20.8 ppm
espectively. When the hydrocarbons are excluded from
ata set, fit 3, the statistical quality of correlation is slig
orse than when the perfluorinated solvents are excluded

he data set, fit 4; see Tables 5 and 3. Since the differe
etween the values of parametersdCH

e , be, andae for fits 2 and
4 are small, we prefer to use hereafter the results of fit 2 fo
complete data set.

The inclusion into the equations of a polarizability corr

Least-Squared-Fitted MF Parameters for Eq. [1] from a Series
of Fits of Dicoordinated Oxygen Chemical Shifts dY

e (ppm)

Values for the following fits

1 2 3 4

Parameter
dCH

e 139.66 0.3 139.56 0.3 140.06 0.4 139.26 0.3
d0

e — — — —
se 5.06 0.7 4.86 0.5 3.86 0.8 5.06 0.5
sede — — — —
ae 2.56 0.5 2.66 0.4 2.76 0.4 2.76 0.4
be 20.56 0.8 — — —

Statisticsa

s 0.81 0.82 0.80 0.77
r 0.978 0.977 0.967 0.983
n 16 16 13 13
m 4 3 3 3

a Root-mean-squared deviation (s), correlation coefficient (r), number o
ata points (n), and number of parameters (m).
d
e

the
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essary in the case of thedY
e chemical shifts of MF. The fit of th

complete data set to Eq. [1] provides small values of21.1 6
1.5 for sede and of 0.76 0.9 for be. When the termbebY is
excluded from Eq. [1] a value of 0.76 1.4 results forsede.

Comparison of Results for MF and Amides

The first point to be considered is the relationship betw
the solute parameters in Eq. [1] for thed(17Oc) chemical shift
and the respective solvatochromic parametersp* and b for
these same solutes. Both sets of parameters are only av
for MF, DMF, and DMA. The solvatochromic parameters
these molecules are given in Table 1. The least-squares
solute parameters for Eq. [1] are compiled in Table 6 for
d(17Oc) chemical shifts of MF and NMF, as well as for t
d(17Oe) chemical shifts of MF, together with the correspond
values of the chemical shifts for the free molecules,d 0

X, and for
olutions in cyclohexane,dCH

X , and water,dH2O
X .

In principle, the larger the HBA basicity as solvent o
substance is, i.e., largerb value, the larger the sensitivity
this substance to solvent acidity is, i.e., largera values. Ac
cordingly, the magnitude of theac values for MF,216.9,

MF, 242.0, and DMA,247.5, increases with the respect
alues ofb for these substances: 0.37, 0.69, and 0.76. H

ever, the sensitivityac of thed(17Oc) chemical shifts to solve
acidity is not proportional to the solute HBA basicityb. The
magnitude of the ratioac/b of 246 for MF,261 for DMF, and

63 for DMA seems to increase withb. On the other hand, th
sensitivitysc of the d(17Oc) chemical shifts to solvent dipola-
ity/polarizability seems to increase with the solutep* value,
but the sc values for MF,29.6, DMA, 221.9, and DMF

21.9, are not proportional to the respectivep* values of 0.55
0.85, and 0.88. The corresponding ratiossc/p* are 18, 26, an
25. The small difference between the values of the ratiosc/p*,
and also of the ratioac/b, for DMF and DMA is not significan
The elucidation of the functional relationships betweenac and
b and betweensc and p* requires additional studies of t

TABLE 6
Least-Squared-Fitted Solute Parameter (s, a, b) from Fits to Eq.

[1] of d(17Oc), in NMF and MF, and of d(17Oe), in MF; Chemical
Shifts (ppm) for Free Molecules (d0

X) and for Solutions in Cyclo-
exane (dCH

X ) and Water (dH2 O
X )

d(17Oc) in NMF d(17Oc) in MF d(17Oe) in MF

Fit Exp. Fit 3 Exp. Fit 2 Exp.

s 221.9 — 29.6 — 4.8 —
a 242.0 — 216.9 — 2.6 —
b 29.4 — — — — —
d 0

X 376.3 — 384.8 — 133.6 —
dCH

X 349.4 — 373.0 373.5 139.5 140
dH2O

X 274.6 272.4 342.8 342.6 147.7 146
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solvent effects ond(17Oc) chemical shifts of adequately chos
olutes.
The second point to be considered is the reliability of

mpirically estimatedd 0
X chemical shifts for free molecules a

the differencesd 0
X 2 d 0

Y between them. These estimates
important for comparison with results ofab initio calculations

f d(17O) chemical shifts. Thed 0
X are estimated by means of E

2] where the value to be used forp*0 is under dispute (7). On
the other hand, the anomalous behavior of perfluorinated
vents in the case of thed(17Oc) chemical shifts of MF question
the fitness of Eq. [2]. Studies of solvent effects upond(17O)
chemical shifts for molecules measured in gas phase a
accurateab initio calculations ofd(17O) can elucidate th
problem. The differencesd 0

X 2 d 0
Y between thed(17O) chem-

ical shifts for free molecules can be empirically estimated
theoretically calculated more accurately than thed 0

X values. In
the case of the amides NMF, NMA, DMF, and DMA t
values ofsc to be used in Eq. [2] is the same,221.9, for all four
molecules. Therefore, the estimated differencesd 0

X 2 d 0
Y for

the free amide molecules are the same as the differencesdCH
X 2

dCH
Y measured in cyclohexane solution. However, when c-

paring data for MF and NMF, the estimated differenced0
c,MF 2

d0
c,NMF in gas phase, 8.5 ppm, is 15.1 ppm smaller than

measured differencedCH
c,MF 2 dCH

c,NMF in cyclohexane solution
23.6 ppm. The reason for this disagreement is the diffe
values ofsc for MF, 29.6, and NMF,221.9. The true value fo
d0

c,MF 2 d0
c,NMF is probably between 8.5 and 23.6 ppm. Likew

the estimated differenced0
c 2 d0

e for MF, 251.2 ppm, is 17.
ppm larger than the measured differencedCH

c 2 dCH
e , 233.5 ppm

because the different values ofsc, 29.6 and ofse, 4.8.

Calculations of17O Shielding Constants

Reliableab initio calculations ofs(17O) shielding constan
could contribute to the clarification of some of the difficul
found in the previous analysis of thed(17O) chemical shifts o
MF by using linear solvation shift relationships. With this a
three kinds of such calculations have been performed fo

Shieldings sM
X (ppm) for the Carbonyl (X 5 c) and Dicoordinated

G) and SOLO (M 5 S) Levelsa: Relative Energies DE (kca

fb

NMF

sG
c sS

c DE

0° 267.6 277.3 0.00
90° 277.3 287.7 0.02 2
180° 284.5 294.6 0.08 2
Averagec 276.4 286.5 2

a The 6-3111 G** basis set was used with optimized MP2/6-31G* m
b An anglef 5 H–C–X–C, with X 5 N for NMF andX 5 O for MF, de
c Average value weighted with the displayed energiesDE.
e

e

ol-

/or

d

e

nt

,

,
F

and NMF: s(17O) shieldings of the free molecules, hydrat
shifts, and solvent reaction field shifts.

The s(17O) shielding constants of MF, like that of NM
(36, 37), show a large variation with the conformation of
methyl group. The calculated values for both molecules
three different orientations of the methyl group appear in T
7. The 6-3111 G** basis set was used at the noncorrela
GIAO (22) and at the correlated SOLO (24) levels. The dif
erencesM

e 2 sM
c between the two average oxygen shield

of MF calculated at the GIAO level, 277.4 ppm, is larger t
that calculated at the SOLO level, 270.2 ppm. The decrea
the calculated difference of 7.2 ppm from electron correla
effects is too small for bringing off the SOLO figure in agr
ment with the corresponding empirically estimated differe
d0

c 2 d0
e of chemical shifts for the free molecule, 251.2 pp

The agreement is still worse for the differencedCH
c 2 dCH

e of
chemical shifts measured in cyclohexane solution, 233.5
On the other hand, the difference between the average car
oxygen shieldingssM

c of NMF and MF calculated at the GIA
level, 32.7 ppm, is larger than that calculated at the SO
level, 25.6 ppm. The decrease in the calculated differen
7.1 ppm from electron correlation effects brings the calcul
SOLO value in good agreement with the corresponding d
encedCH

c,MF 2 dCH
c,NMF of carbonyl oxygen chemical shifts me-

ured in cyclohexane solution, 23.6 ppm. However, this a
ent seems to be fortuitous and does not prove tha
mpirical estimates of chemical shiftsd 0

X for the free molecule
by using Eq. [2] are unreliable since the estimated differ
dCH

c,MF 2 dCH
c,NMF, 8.5 ppm, differs only by 17.1 ppm from t

corresponding calculated SOLO value, while the meas
differencedCH

c 2 dCH
e for MF differs by 36.7 ppm. Therefore,

order to get significative results, theab initio calculation
hould be improved to bring the calculated difference of sh
ngs sM

e 2 sM
c for MF (270.2 ppm at the SOLO level with t

6-3111 G** basis set) in good agreement with the empiric
estimated differenced0

c 2 d0
e for the free molecule, 251.2 pp

These expensive improvements require not only the us
larger basis sets, higher electron correlation levels, and

5 e) Oxygens of NMF and MF, Calculated at the GIAO (M 5
ol) Calculated for Three Orientations of Methyl Groupsb

MF

G
c sS

c sG
e sS

e DE

8.9 2100.6 173.2 163.9 1.0
6.6 2109.3 169.6 159.7 0.5
2.7 2116.3 166.5 155.9 0.0
9.1 2112.1 168.3 158.1

ular geometries.
s the methyl group orientation.
(X
l/m

s

29
10
11
10

olec
fine
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8 DE KOWALEWSKI ET AL.
molecular equilibrium geometries but also the calculatio
rovibrational and large amplitude out-plane deformation
rections.

Previous studies of hydration in amides (4, 27, 38–44) sup-
ort the conclusion that the first hydration shell of the carb
xygen includes four solvent water molecules: two in-p
moleculesI andII in Fig. 2a) and two out-of-plane (molecu

andVI in Fig. 2b). Accordingly, thes(17O) shielding con-
stants for the corresponding MF1 (H2O)4 and NMF1 (H2O)4

complexes were calculated at the GIAO level using
6-311 1 G** basis set. The calculated hydration chem
shifts dWX for these complexes and for others, obtained f
hem after eliminating some water molecules, are give
able 8. In this table also appears the empirically estim
ydration shiftsdH2O

X 2 d 0
X of NMF and MF together with th

orresponding contributions from solvent dipolarity/pola
bility (sp*0 and sp*H2O), HBD acidity (aaH2O), and HBA

basicity (bbH2O). In the case of the NMF there is another wa
molecule in the first hydration shell hydrogen bonded to
N–H proton (moleculeIII in Fig. 2a), which changes t
carbonyl oxygen hydration shift by215.6 ppm. In the secon
hydration shell there is a water molecule to be considere4)
(moleculeIV in Fig. 2a), which changes the hydration shift
26.2 ppm. The total hydration shift calculated for the NMF1
(H2O)6 complex,2102.4 ppm, is close to the empirical va

f 2101.7 ppm. In the case of the MF there are only four w
olecules in the first hydration shell and the water moleculIV

n the second hydration shell changes the carbonyl ox
ydration shift by only22.3 ppm and the dicoordinated ox
en hydration shift by10.9 ppm. For the MF1 (H2O)5

complex, the magnitude of the total hydration shift calcul
for the carbonyl oxygen,264.7 ppm, is larger than the emp
cal value of242.0 ppm. That calculated for the dicoordina
oxygen, 17.6 ppm, is close to the empirical one, 14.2 ppm
total hydration shifts calculated for the largest complexes

FIG. 2. (a) Drawing of the NMF1 (H2O)4 system with four in-plan
water molecules; (b) drawing of the NMF1 (H2O)2 system with two out-of
plane water molecules.
f
r-
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e

e
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e
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e
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the hydration shift calculated for the carbonyl oxygen of N
is close to the empirical value while the magnitude of
calculated for the carbonyl oxygen of MF is larger than
magnitude of the empirical value is likely to be related to
fact that the interaction energy for the NMF1 (H2O)4 com-
plex, 216.2 kcal/mol, is larger in magnitude than that for
MF 1 (H2O)4 complex, 212.0 kcal/mol. The modeling
omplete hydration of NMF and MF via statistical mechan
ethods could clarify this supposition. Statistical mechan

omputer simulations of diluted aqueous solution could
erformed from expressions describing the dependence

d(17O) chemical shifts of NMF and MF with the orientation a
distance of an H2O molecule since the nonadditivity for t
calculated chemical shifts given in Table 8 of complexes
two, three, and four molecules of water are not too severe
corresponding figures are15.7, 10.3, and22.2 ppm for the
carbonyl oxygen of NMF,14.7, 24.1, and23.8 ppm for the
carbonyl oxygen of MF, and 0.0,10.1, and10.2 ppm for the
dicoordinated oxygen of MF. On the other hand, when the
interaction energiesDE of complexes with two, three, and fo
water molecules in Table 8 are calculated as the sum o
interaction energies for all the dimers, the nonadditivity d

TABLE 8
Hydration Shifts dWX (ppm) for the Carbonyl (X 5 c) and

Dicoordinated (X 5 e) Oxygens of NMF and MF, Calculated at
the GIAO Levela; Interaction Energiesb DE (kcal/mol); Contribu-
tions (in ppm) to the Hydration Shifts (sp*0, sp*, aa, bb) from
Terms in Eqs. [1] and [2]

NMF MF

dWc DE dWc dWe DE

Water positionsc

I 229.4 26.4 224.9 1.0 25.0
II 232.1 26.9 225.8 8.1 25.7
V 215.2 23.7 210.8 3.9 22.4
I 1 II 257.2 212.5 247.9 9.1 210.1
I 1 II 1 V 267.0 214.4 255.4 12.9 211.3
I 1 II 1 V 1 VI 280.6 216.2 262.4 16.7 212.0
Largest complexesd 2102.4 — 264.7 17.6 —

Empirical values
dH2O

X –d 0
X 2101.7 — 242.0 14.2 —

sp*0 226.9 — 211.8 5.9 —
sp*H2O 223.9 — 210.5 5.2 —
aaH2O 249.2 — 219.7 3.1 —
bbH2O 21.7 — 0.0 0.0 —

a The 6-3111 G** basis set was used with structures optimized as-
scribed under Experimental.

b Energy of complex minus sum of energies for free molecules.
c See Fig. 2 for water positions in the complex.
d Complex NMF1 (H2O)6 with water molecules in positionsI 1 II 1 III 1

IV 1 V 1 VI and complex MF1 (H2O)5 with water molecules in position
I 1 II 1 IV 1 V 1 VI.
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9OXYGEN-17 SOLVENT EFFECTS IN METHYL FORMATE
for NMF and 0.0,20.7, and21.7 kcal/mol for MF.
The solvent reaction field shiftsdX([) 2 d 0

X calculated a
the GIAO level using the 6-3111 G** basis set show qua

ratic dependences on the dielectric constant[ functionf([),

f~ [ ! 5 ~ [ 2 1!/~2 [ 1 1!, [6]

iven by

d c,NMF~ [ ! 2 d 0
c,NMF 5 250.7f~ [ ! 2 12.6f~ [ ! 2, [7]

d c,MF~ [ ! 2 d 0
c,MF 5 235.9f~ [ ! 2 12.9f~ [ ! 2, [8]

d e,MF~ [ ! 2 d 0
e,MF 5 7.6f~ [ ! 1 4.3f~ [ ! 2. [9]

The linear term is the main term in these equations.
coefficients of the linear terms, (250.7,235.9, and 7.6) follow
he same trends that the corresponding coefficientss of the
olvent polarity–polarizability parameterp* in Eq. [1] given in

Table 6 (221.9, 29.6, and 4.8). However, the variations
arbonyl and dicoordinated oxygen chemical shifts of MF
olvents1 to 10, where the hydrogen-bond contributions
egligible, differ from those predicted by Eqs. [8] and [9].

he other hand, thedX([) 2 d 0
X values for cyclohexane ([ 5

2.02) provided by Eqs. [7] to [9] (210.8,27.8, and 1.7 ppm
espectively) are smaller in magnitude than the correspon
mpirical contributionssp*0 given in Table 8 (226.9,211.8,

and 5.9 ppm).

CONCLUSIONS

Application of MLRA using the KAT parameters to t
quantitative description of the solvent effects upon the
bonyl oxygen chemical shifts of MF and amides shows tha
magnitudes for the sensitivitiesac to the solvent acidities an
sc to the solvent dipolarity/polarizabilities increase with
soluteb and p* parameters, respectively; see Eq. [1]. Ho
ever, neither isac proportional tob nor issc proportional top*.
On the other hand, the magnitudes of the sensitivitiesae andse

for the dicoordinated oxygen chemical shift of MF are sma
in magnitude and have opposite sign than the respective
sitivities, ac andsc, for the carbonyl oxygen.

The results of the fits for the carbonyl oxygen chem
shifts to the linear solvation shift relationship (Eq. [1]) on
KAT parameters provide less satisfactory results for MF
for amides. In the case of MF, the data for the two amphip
alcohol solvents (2-propanol and methanol) should be exc
from the fits in order to obtain a negligible value for
sensitivitybc to the solvent basicity, as expected from the
that MF is a HBA base. In addition, the behavior of
perfluorinated solvents seems to be anomalous. This que
the fitness of Eq. [2] for estimating the chemical shiftd0

c of the
isolated molecule of MF. The fact that Eq. [1] works better
e
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r

parametersp* and b for amides and/or to the use of tw
different sets of solvents.

The results ofab initio calculations of oxygen chemic
shifts by the electron correlated SOLO method at the 6-311

** level using MP2/6-31G* optimized molecular geometr
f MF and NMF do not clarify the question about the reliab
f the chemical shifts for the isolated molecules obtained
q. [2]. Expensive improvement in theab initio calculations
eems to be necessary in order to get conclusive results. O
ther hand, the hydration shifts calculated for the NMF1
H2O)6 and MF 1 (H2O)5 complexes by the noncorrelat

GIAO method with the 6-3111 G** basis set reproduce th
mpirical trends. However, the carbonyl oxygen hydration
alculated for MF,264.7 ppm, is larger than the empiri
alue, 242.0 ppm, suggesting the usefulness of perform
tatistical mechanics computer simulations for hydration s
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