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Abstract: By using density functional theory it is demonstrated that the long-réfge'*F J-couplings (3J)

seen in small organic molecules can be calculated with good accuracy using small molecule fragments and in
some cases complete molecules. The results reproduce the exponential distance dependeseenof
experimentally, demonstrate the dominance of the Fermi contact interaction, and rule out any significant covalent
or through-bond contributions tbin these systems. The calculations also verify an experimentally observed
19F—19F J-coupling seen between two [6-F]Trp residues in the protein dihydrofolate reductask=f@r98

A), where there is clearly no covalent bonding between thel®sites. The results also clarify the abnormally
small J-couplings seen previously in phenanthrenes and cyclohexenes, which are shabnirbgio and
molecular mechanics geometry optimizations to be due to conversion of the supposedly planar structures to
more distorted but less sterically hindered structures. These distortions increaseRldéstance and thereby
reduceJsr. The lack of any appreciable covalent bonding betweer¥Retoms in both the protein and the
model systems, but the presence of significhabuplings, emphasizes that all that is required is Fermi contact,
and the close spatial proximity of atoms. This result is of considerable current interest in the context of (long
range/through-space) hydrogen bahdouplings in macromolecules.

Introduction Experimental Section

The origin of long-range through-spage&ouplings has been All spin—spin coupling constants were computed with DFT by using
of interest for many yearsand more recently there has been the program deMon-NMR:** This approach considers the Fermi
considerable interest in the nature of trans hydrogen bond contact (FC), paramagnetic spiorbit (PSO), and diamagnetic spin
J-couplings? Both types of scalar couplings show an exponential O"it (DSO) contributions td. The FC term is determined by using
decrease ird with internuclear separation, and are of interest [Mite perturbation theory™* the PSO term is determined by using
from the perspectives of structure determination and refinement sum-over-states density functional perturbation thé8gnd the DSO

I | A d L | | K 'term is determined by numerical integratiol. The spin-dipolar
as well as electronic structure determination. In early Work, contribution tod is disregarded, since it is computationally expensive

Buckingham and Cordfeaddressed the origin of long-range  andits magnitude is negligible for long-range couplitydThe Perdew
J-coupling using a semiempirical approach, and more recently and Wang exchange functiof®and the Perdew correlation functional
Mallory et al* and Del Bene et aP among others, have begun  were used®? along with the IGLO-IIl basis s& and a FINE
to address the problem of through-spakeouplings using RANDOM grid with 64 points of radial quadratut.

guantum chemical methods. Here, we describe the application The molecular geometries of all organic molecules contaitfiRe

of density functional theory (DFT) methods to compute long- **F couplings were obtained bgb initio Hartree-Fock geometry
range'*F—19F J-couplings, defined here a8Jgr couplings. We (6) StAmant, A Salahub, D. FChem. Phys. Letfl990 169 387—
use both complete molecules as well as a fragment-basedzg?.
approach, which deletes any through-bond contributiodxtp (7) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, I.; St-Amant, A.;
and we demonstrate excellent accord between theory angyshio, J. InDensity Functional Methods in Chemistriyabanowski, J.,

. . . . . Andzelm, J., Eds.; Springer, New York, 1991.
experiment in a variety of systems, with the Fermi contact term * (g) Malkin, v. B.; Malkina, O. L.; Casida, M. E.; Salahub, D. &.Am.

clearly dominatingJer. Chem. Soc1994 116, 5898-5908.
(9) Malkin, V. G.; Malkina, O. L.; Eriksson, L. A.; Salahub, D. R.
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§ Center for Biophysics and Computational Biology. M., Politzer, P., Eds.; Elsevier: Amsterdam, 1995; Vol. 2.
(1) Petrakis, L.; Sederholm, C. B. Chem. Physl961, 35, 1243-1248. (10) Malkin, V. G.; Malkina, O. L.; Salahub, D. RChem. Phys. Lett
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(3) Buckingham, A. D.; Cordle, J. B. Chem. Soc., Faraday Trans. 2 105 8793-8800.
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optimization (Gaussian 99 of molecular mechanics deriv&dtarting 1. For4 the results are less goodkr = 55.2 Hz, and for the
structures. A uniform 6-31G(d,p) basis set was used for the geometry simplistic (HF) model5 the results are pooder = 33.2 Hz. It
optimizations?® The geometries of the non-hydrogen atoms in the jg likely, however, that model$ and5 are simply less adequate
smaller, model species were obtained from these fully optimized representations of the locak/F» chemical environment seen
molecules, and terminated with hydrogen atoms at standard bondin 2. The most complex nonbonded mod&l has alr that is

length?* o 0 . .
The structure of [6-F]Trp dihydrofolate reductase (DHFR) complexed W'th.'n 15% of the expe.rlmtlan.tdﬂpllp 2 of.2, and thus validates
the idea that the coupling i# is primarily through-space.

with methotrexate (MTX) and dihydro-nicotinamide-adenine-dinucle- : A . : -
otide phosphate (NADPH) was obtained by modifying an existing 1.7~ We then investigated the couplings in a series of larger
A X-ray structure of DHFR-MTX-NADPH? Each of the four Trp molecules whose couplings have been attributed to the through-

residues in DHFR were mutated at the 6-position to form the [6-F] space mechanisfiHere, we used smaller model species, to
species. The geometry of the entire protein was then allowed to relax reduce computational expense. To begin with, we considered
by performing 2000 steps of molecular mechanics optimization several substituted 1,8-difluoronaphthaleesd?7, using 2,4-
(CHARMm, CFF potentialf? difluoro-1,3-pentadiene8, in which all non-hydrogen atoms
were positioned based upon fab initio geometry optimization

of the difluoronaphthaleness and 7. In the 10 systems

Fa F Fa
)\/k
7 8

Results and Discussion

We investigated a range of systems, beginning with the
perfluoropropenones] and 2. While the magnitude of the

Fy Fa
F, F F F
0 F2
1 2 X Y
. L . 6
experimentalJg,r, coupling in1 is less than 2 H2} a large
through-space contribution i@ arises from the close spatial
proximity of F, and R, resulting in a*Jgr, of 84.5 Hz? We
found that the DFT calculations are able to reproduce this
distinction between through-bond, and through-space?, dominatingJer in all cases

couplings: the calculateldr.r, couplings forl and2 are—0.7 We next investigated the 4,5-difluoro-1-methylphenan-

and 83.0 Hz, respectively, Table 1. To eliminate all possible threne?s 9. using th del 1.4-dif butadi Model
through-bond contributions to the calculatdgg, in 2, we next rene,” 9, using the model 1,4-difluorobutadient. Mode

Fy

X—Y

considered@a—f; 7a—d, Table 1) the optimized +F distances
range from 2.474 to 2.761 A, and the compulggvalues range
from 76.4 to 41.9 Hz, Table 1, with the Fermi contact term

considered a series of nonbonded mod#i<, having the same F R
CHj CHa H F [
/oy / / ‘
Fy /C=O Fy /CHa F /H
Fo Fa Fa \ /
3 4 5
Me
F—F separation as i@, and the same+C(H) vector orienta- 9 10

tions. The result obtained using the nonbonded m@&dslin

reasonably good accord with experimelt = 71.5 Hz, Table 10 was obtained by extracting the appropriate geometry
optimized GF, fragment from9, which contained torsion angle
(16) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

(17) Perdew, J. FPhys. Re. B 1986 34, 7406. distortions. The optimized FF distance in9 is 2.389 A and

(18) Kutzelnigg, W.; Fleischer, U.; Schindler, MMR Basic Principles corresponds to a very largéqr of some 170 Hz-a value well
Prog. 1991 23, 165-262. reproduced in the DFT calculations @6, which yielded @Jgr
(19) Daul, C. A.; Goursot, A.; Salahub, D. R.NATO ARW Proceedings of 186.4 Hz. Table 1
on Grid Methods in Atomic and Molecular Quantum Calculati@erjam, ’ ’ ’ . . L.
C., Ed.; Kuwer, Dordrect, 1993; Vol, C412. We were also able to clarify a seeming contradiction to the
(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, through-space origin afrr. Thecis F1—F; coupling in bis-4,5-

'\S"t-r Qﬁ;aﬁge?e@?g’ufé\n?-il ng-rZDe;\rlepIﬂE:rY : sG-'M?ﬂgmgﬂ’mﬁrybin@ig J)&? (difluoromethylene)cyclohexerfé, 11, is anomalously low,

D.; Kudin, K. N.; étrain, M. C,; F’arkas, O.;’Tor’nasi, J.;’Baron’e, V. Co’ssi, based upon a planar, §tandard-bond-|ength Strlj'Ct!"re’ which
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; makesder = 1.5 A. We find that the geometry-optimizekir
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; F
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-

Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, /

M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Fq
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Reision A.7 Gaussian, Inc.: Pittsburgh, PA, 1998. Fy

/

(21) Ceriug 4.0, Molecular Simulations, Inc.: San Diego, CA, 2000.

(22) PDB ID: 3DFR. Bolin, J. T.; Filman, D. J.; Matthews, D. A,
Hamlin, R. C.; Kraut, JJ. Biol. Chem1982 237, 13650-13662.

(23) CHARMm Module of the Insight Il Modeling Program, Molecular F
Simulations, Inc.: San Diego, CA, 2000.

(24) Bray, W. S.; Ramy, K. CJ. Chem. Phys1963 39, 844—845. 1
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Table 1. Through-Space DFTF—'F Couplings

molecule model F&Hz) PSC (Hz) DSC (Hz) JreCac(Hz) JrP (Hz) deeCac(A)
1 1 2.0 —-1.4 —-1.2 -0.7 2.0 4.16
2 2 48.2 33.6 1.0 83.0 84.5 2.60
2 3 81.9 —-11.0 0.7 71.5 84.5 2.60
2 4 88.3 —33.7 0.6 55.2 84.5 2.60
2 5 79.7 —46.5 0.0 33.2 84.5 2.60
6a(CN,CN) 8 84.1 —19.9 1.0 65.2 83.5 2.49
6a(CN,CN) 4 144.9 -435 0.7 102.1 83.5 2.49
6a(CN,CN) 5 141.1 —56.8 0.0 84.4 83.5 2.49
6b (—CO—-0—CO-) 8 50.7 13.3 0.9 64.8 61.9 2.58
6b (—CO-0—-CO-) 4 92.2 —36.6 0.6 56.2 61.9 2.58
6b (—CO—-0O—CO-) 5 90.4 —48.3 0.0 42.1 61.9 2.58
6¢ (CHs,CHs) 8 95.3 —21.0 1.0 75.3 85.2 2.47
6¢ (CHs,CHg) 4 156.9 —46.1 0.7 111.5 85.2 2.47
6¢ (CHs,CHs) 5 153.0 —58.9 0.0 94.2 85.2 2.47
6d (H,H) 8 56.4 12.6 0.9 69.8 59.0 2.57
6d (H,H) 4 100.0 —38.2 0.6 62.4 59.0 2.57
6d(H,H) 5 97.5 —49.6 0.0 47.9 59.0 2.57
6e(H,CN) 8 62.9 12.3 0.9 76.2 66.1 2.55
6e(H,CN) 4 1111 —39.2 0.7 72.6 66.1 2.55
6e(H,CN) 5 106.5 —51.4 0.0 55.1 66.1 2.55
6f (H,CHy) 8 64.0 11.4 0.9 76.4 65.6 2.55
6f (H,CHy) 4 110.9 —39.6 0.7 72.0 65.6 2.55
6f (H,CHy) 5 106.3 —51.3 0.0 55.0 65.6 2.55
7a(—CH,—CH,—) 8 34.4 15.0 0.7 50.1 28.4 2.72
7a(—CHy—CHy—) 4 69.4 —28.8 0.5 41.2 28.4 2.72
7a(—CH,—CH,—) 5 61.2 -36.9 0.0 24.3 28.4 2.72
7b (—CH=CH-) 8 26.3 14.8 0.7 41.9 36.7 2.76
7b (—CH=CH-) 4 57.3 —26.4 0.5 315 36.7 2.76
7b (—CH=CH-) 5 50.8 —33.8 0.0 17.0 36.7 2.76
7c(—CPh=CPh-) 8 26.6 14.8 0.7 42.2 36.6 2.76
7¢(—CPh=CPh-) 4 57.6 —26.5 0.5 31.7 36.6 2.76
7c(—CPh=CPh-) 5 51.1 —33.9 0.0 17.2 36.6 2.76
7d (—CHPh-CHPh-) 8 34.8 15.0 0.7 50.6 28.8 2.72
7d(—CHPh-CHPh-) 4 69.3 —28.7 0.5 41.1 28.8 2.72
7d (—CHPh-CHPh-) 5 61.1 —36.8 0.0 24.2 28.8 2.72
11 11 22.9 —-5.1 1.1 18.9 ~30 2.85
11 4 39.8 —-8.4 0.5 31.9 ~30 2.85
11 5 445 —25.9 0.0 18.7 ~30 2.85
9 10 217.3 —32.0 1.1 186.4 ~170 2.39
9 4 231.1 —30.0 0.9 202.1 ~170 2.39
9 5 251.5 —42.0 0.2 209.6 ~170 2.39
DHFR 4 38.5 —6.2 0.6 32.9 142 2.98
DHFR 5 39.7 -9.4 0.1 304 142 2.98

in 11 is actually 2.85 A, due to the torsion produced by
repulsion, and that DFT predictsJar of 18.9 Hz, in accord
with the experimental estimate of30 Hz26

This success then led us to evaluate through-spaoeplings
in a protein, specifically, the long-range coupling seen by
Kimber and co-workef between two [6-F]-Trp residues in a
dihydrofolate reductase-NADPH-MTX complex frofracto-
bacillus caseiThis coupling is either 88Jrr coupling through
bonds, or a direct, through-space interaction between two
neighboring Trp residues. As pointed out in the original p&per,
there must be two Trps which are very close together in space [6-"F]Trp133
(even though none are close in the primary sequence). This was
indeed later shown to be the c&end theJgr coupling can
be attributed to the interaction between e nuclei on Trp 5
and Trp 133, Figure 1. Since the structure of the F-Trp labeled rigyre 1. The proximity of the [6-FTrp5 and [6-F]Trp133 side chains
protein is not known, we mutated all four Trp residues to the in the protein [6-F]Trp DHFR complexed with MTX and NADPH.
[6-F]Trp species in an existing 1.7 A DHFR-NADPH-MTX  The fluorine nuclei (green) are approximat@ A apart.
crystal structur@? and used a (CF), model,4, in which the
C—F vector orientations reproduced those seen in the protein
model. The FF distance was 2.98 A, as deduced from a

[6-°F]Trp5

molecular mechanics minimization of the entire prof&in.
Although this yieldedJer = 32.9 Hz, greater than the X 2
Hz seen experimentally, the result validates the idea that the

(25) Servis, K. L.; Fang, KJ. Am. Chem. Sod 968 90, 6712-6717. two °F nuclei couple through-space as a result of their proximity
135516) Servis, K. L.; Roberts, J. Dl. Am. Chem. Sod.965 87, 1339~ in the folded protein.

(27) Kimber, B. J.; Feeney, J.; Roberts, G. C. K.; Birdsall, B.; Griffithns, ~ When all of the calculated results are compared with
D. V.; Burgen, A. S. V.; Sykes, B. DNature 1978 271, 184-185. experiment, we obtain very good agreement; the correlation



Fluorine Coupling

J. Am. Chem. Soc., Vol. 122, No. 49, 2009167

200 200
N 1504 N 1504
& L
w ™
uw
- >
g 100+ T 100
- [3)
[1+1 =t
= ©
: -—
T =
- o
50 ]
50-
© o
0_
T 1 T T o-
0 50 100 150 200 2
250 250
B o B
2004 o 2004
N N
L £
& (]
- 150 ﬂ'-L 1504
k] T
£ 0 8
S 100 o 5 1991 o
L0 o o
8 [++]
[¢] o 504
50 ©°
(o] o) o}
[o] (o} %o
0+
o T T T T T T T
0 50 100 150 200 2 25 3 3.5 4 4.5
Experimental J; /Hz de: /A

Figure 2. Calculated versus experimentd in several organic  Figure 3. The exponential distance dependence of the calculated
molecules and in the protein DHFR: (A) calculated results using, as j.couplings. (A)|Jee] versus the fluorinefluorine internuclear separa-
appropriate (Table 1), full molecular geometri¢s?, 11), 2,4-difluoro- tion, dre; R2 = 0.96. (B) The Fermi contact contributiondpJec, versus
1,3-pentadieness], 1,4-difluorobutadienel(), and the fluoromethane  ¢. R2 = 0.88.

dimer @) (DHFR) with slope= 0.98 andR? = 0.92; (B) calculated
results using only fluoromethane dimer modets ith slope= 1.13

andR2 = 0.90. of the systems described here (optimized at HF/6-31G(d,p)) are

shown in Figure 3A, and we show in Figure 3B the change in
. the Fermi contact termlec, with distance, in the same set of
has a §Iope of 0.98 and .a?? valge of 0.92, Figure ZA'.TO. compounds. Both th@andJgc terms fall off exponentially with
determine Wh_ether ther_e is a major through-bonc_l contribution der, with R? values of 0.96 and 0.88, respectively. The Fermi
58;2?;(? ggzg:énegse’ dwﬁg':;%ifgfedgzr ?g’fgg?:;gezyi:igél contact interaction plays the major role in the through-space
@sa J-coupling in the fluorine compounds we have investigated,
for all of the through-space coupled nuclei. The results strongly although in a few instances the paramagnetic-spiit term
support the through-space origin of thesé- couplings, Table also appears significant, Table 1. Interestingly, Bryce and
1. The agreement between theory and experiment_ remains VerXNasyIisheﬁg’ have recently’/ conclude.d that the influ;ancelﬁgo
%c;(i)r?' m;hriiilicrf; ?Lglrisgs ?gggsazfeg'%?éf\'/%%i i? can be greater than expected, although clearly additional
0 87gand produces a slope of 1 ‘21 Since there are no covalen heoretical approaches will be desirable to validate more
o S e recisely the various contributions to these through-space
(shared-electron pair) interactions involved between Ihe J-couplings
coupled nuclei, the experimental observation)alearly does '
not indicate covalent bonding between coupled nugi se
as has been assumed in some case¥tdrans hydrogen bond
couplings, and which we argue elsewhere are in almost all cases In summary, the results we have presented represent the first
closed-shell (electrostatic or van der Waals) type interactibns. detailed comparison between experimental long-rahgeu-

For both through-spacé- and trans hydrogen bontJ- plings and those computed by using density functional theory.
couplings,J has been shown to fall off exponentially with  There is very good agreement between theory and experiment
internuclear distancg? due to the rapid decrease in magnitude (R? value of 0.92,N = 15, and a slope of 0.98), with the
of the overlap integrals and the Fermi contact. Results for all

Conclusions

(29) Bryce, D. L.; Wasylishen, R. B. Am. Chem. So200Q 122, 3197~
(28) Arnold, W. D.; Oldfield, EJ. Am. Chem. So200Q In press. 3205.
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