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A series of organic hydrochloride salts has been investigated using solid&tieaed®’Cl NMR spectroscopy

at applied magnetic field strengths of 9.4 and 18.8 T. Magic-angle spinning, static Hahn-echo, and quadrupolar
Carr—Purcell Meiboom-Gill (QCPMG) echo experiments have been applied to investigate the chlorine electric
field gradient (EFG) and chemical shift (CS) tensors fayrosine hydrochloridel-cysteine methyl ester
hydrochloride,L-cysteine ethyl ester hydrochloride, quinuclidine hydrochloride, and tris sarcosine calcium
chloride. Chlorine-35 nuclear quadrupolar coupling constants for these compounds range from 2.23 to 5.25
MHz, and isotropic chemical shifts range from approximately 9 to 53 ppm relative to the chloride ion in
aqueous solution. The results demonstrate the feasibility and benefits of higRef&l NMR studies of

organic chloride salts. A discussion of the data in the context of the known X-ray or neutron diffraction
structures for these compounds suggests that the chlorine EFG tensor is a valuable probe of hydrogen bonding
to the chloride ion. Because the anisotropies of the CS tensors are rather small, precise determination of the
chlorine CS tensors proved to be challenging and was only feasibledgsteine ethyl ester hydrochloride,

where the sparg2, was found to be 474 4 ppm. This represents the first determinationcqiCl) from a

powder sample. Results of ab initio calculations of the chlorine EFG and CS tensesgasine hydrochloride

are presented and compared with the experimental data.

Introduction have been studied previously: NEI,'8 C4HgNH3CI2* and

The increasing accessibility of high-field NMR spectrometers C0caine hydrochloride:
(17.6 T, 18.8 T, and beyond) has opened up the possibility of ~Due to large quadrupolar coupling constants, NMR studies
studying hitherto re|ative|y inaccessible nuclei. For solid of Compounds with COV&'ently bound chlorine atoms are difficult
Samp|esl ha|f-in'[eger spin quadrupo]ar nuclei benefit greaﬂy in solution due to extremely efficient nuclear Spin relaxation,
from high applied magnetic field strengths due to the inverse and are untenable in the solid state using conventional pulsed
relationship between the second-order quadrupolar broadening™T techniques owing to extremely broad line shapes. Con-
andBo.1~3 Indeed, high applied magnetic fields make possible Versely, nuclear quadrupole resonance (NQR) meticate

the study of nuclei with low magnetogyric ratiog, which difficult to apply when chlorine nuclei are in high-symmetry
simply are not feasible at moderate field strengths. Chlorine €nvironments. Furthermore, they do not allow one to character-
has two NMR-active isotope3Cl (I = 3/2; N. A. = 75.53%; ize the chlorine magnetic shielding tensors. Oxychloro and
y = 2.6242x 107 rad T1s°L; Q = —82 mi) and3Cl (I = chloride anions, therefore, represent an appealing situation for
3/2; N. A. = 24.47%;y = 2.1844x 107 rad T1s% Q = 3581C| solid-state NMR, where the high local symmetry

—64.6 mi#c9). The relatively low values of and moderately guarantees relatively small quadrupolar coupling constants. The
large quadrupole moments for these nuclei make them excellentmost insightful chlorine solid-state NMR study to date is that
candidates for high-field NMR studies. Smith has recently ©f Skibsted and JakobséhThis study focuses on the chlorine
reviewed the progress made in solid-state NMR of jowclei NMR interaction tensors of the perchlorate anion in several
and has summarized the available solid-state NMR parametergnorganic perchlorates and establishes chlorine solid-state NMR
for 35CI.2 To date, single-crysta®Cl NMR studies have been as a viable and informative technique for the investigation of
carried out on NaClgf Mn(CO)CI,” tris sarcosine calcium  these types of materials. Their experiments show that the
chloride® NH4CIO4,° and betaine calcium chloride dihydrafe. chlorine chemical shifts for a wide variety of perchlorate salts
Perchlorate anions have been a popular focus of chlorine solid-fall in the narrow range o~980 to 1005 ppm relative to
state NMR studies due to the high local symmetry at chidfiré. NaCl(aq) and that the**Cl nuclear quadrupolar coupling
Studies of inorganic chlorides have been repoteé? in many constants range from 0.3 to 3.0 MHz.
cases, such as the alkali metal chlorides, the chlorine nuclear In the present work, we demonstrate the feasibility and utility
quadrupolar coupling constant is zero due to cubic symmetry. of high-field chlorine NMR studies of solid organic hydro-
A limited number of organic or ammonium hydrochloride salts chloride salts. Chlorine NMR spectroscopy of such compounds
" represents an excellent probe of the local chlorine environment
Fa e et e 7 +328since any deviations from perfect cublc symmetry at chlorine
will result in an observable quadrupolar coupling constant. In

T Dalhousie University.
* University of Alberta. particular, Yesinowski et al. have remarked upon the potential
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Figure 1. Simple structural representations of the hydrochloride salts
investigated in the present work: (e)cysteine methyl ester hydro-
chloride (R= Me); (b) L-cysteine ethyl ester hydrochloride (REt);

(c) tris sarcosine calcium chloride; (djtyrosine hydrochloride; (e)
quinuclidine hydrochloride.

application of high-field NMR techniques to investigate the

Bryce et al.

for the parameters discussed in the present work are provided
below to avoid confusion.

According to the conventions established in reference 42, the
principal components of the symmetric part of the CS tensor
are designated and ordereddas = 02, = d33 and the span of
the nuclear magnetic shielding or CS tensor is defined as

Q =033 — 01,7 0yy — 033 1)
The skew of the tensors is defined*as
_ 3(Oiso - 022) ~ 3((322 - 6iso) (2)

Q Q

The components of the EFG tensor in its principal axis system
are defined and ordered as

Vzzl = [Vyy| = [Vyxl (3)
and the quadrupolar coupling consta@g, is given by
eQ\,,
Co= B (4)

where e is the charge of an electron ar@ is the nuclear

relationship between the chlorine nuclear quadrupolar coupling quadrupole moment. The asymmetry paramejgis defined
tensor and the hydrogen bonding environment about chlorine as

in organic hydrochloride® We explore this relationship by
comparing thé>Cl NMR parameters to known crystal structures
for the following set of compounds in which chloride anions
exist in a variety of hydrogen-bonding environments (Figure
1): L-tyrosine hydrochlorid@? L-cysteine methyl ester hydro-
chloride?® L-cysteine ethyl ester hydrochlorid&guinuclidine
hydrochloride?® and tris sarcosine calcium chlori@&The35Cl
and3’Cl electric field gradient (EFG) and chemical shift (CS)

Vxx - VYY

=" )

The theory relating to solid-state QCPMG experiments has been
described in reference 35.

Experimental Section

tensors are examined using a variety of experimental techniques (i) Sample Preparation. Crystals of tris sarcosine calcium

at 9.4 and 18.8 T, including magic-angle spinning (MAS) NMR,
Hahn-echo spectroscopy?? on stationary samples, and, for
some compounds, quadrupolar Carurcell Meiboom-Gill
(QCPMG) or “spikelet echo” spectroscoly®® on stationary

samples. The principal benefit of the latter experiment is that it
provides an order of magnitude enhancement in the signal-to-

chloride were obtained from an aqueous solution of sarcosine
and Cad] by slow evaporation as described by Ashida efal
The identity and purity of the product were confirmed 8¢
CP/MAS NMR. L-Cysteine methyl ester hydrochloride;
cysteine ethyl ester hydrochloride, and quinuclidine hydro-
chloride were purchased from Sigma-Aldrich and used without

noise relative to standard static echo methods. Ab initio methods ¢ | ijar purification. For all of the compounds studied, X-ray or

for the calculation of chlorine NMR interaction tensors for the

chloride anion in a hydrogen-bonded environment are employed

to provide additional insight into the experimental results.

Theory and Background

The pertinent interactions for an isolated half-integer spin
guadrupolar nucleus such&€1 have been presentéd.o avoid

neutron diffraction studi@$2C indicate that there is only one
chlorine site and all spectra were analyzed as such. Compounds
were powdered and packed into rotors for solid-state NMR
spectroscopy.

(ii) Solid-State NMR Spectroscopy Chlorine-35 solid-state
NMR spectra were obtained on Varian Inov, (= 18.8 T,
v (33Cl) = 78.36 MHz) and Bruker AMX By = 9.4 T,v_(3°Cl)

undue repetition, we refer the interested reader to our recent= 39.18 MHz) spectrometers. A mid-bore (63 mm) Doty CP/
solid-state'’B and®Be NMR studies, which provide a summary MAS triple resonance probe, with 5 mm (0.d.) rotors, was used
of the relevant equations and definitiofig® Briefly, the on the Varian system; MAS rates of up to 15 kHz were used.
Zeeman, quadrupolar, and nuclear magnetic shielding interac-A wide-bore (72 mm) Bruker low-band probe was used on the
tions will influence the spectrum of an isolated spin-3/2 nucleus AMX spectrometer with 7 mm (0.d.) rotors; MAS rates greater
in a stationary powdered sample. Here, we focus our discussionthan 4 kHz were not practical on this system. High-power proton
on the central 1/2> —1/2 transition since it is not perturbed decoupling was used on the 18.8 T system only. Experiments
by the first-order quadrupolar interaction. Under conditions of were set up using solid sodium chloride. The “solid2 pulse
MAS, the nuclear magnetic shielding tensaj {s averaged to was 5.75us on the 18.8 T system and 45 on the 9.4 T

its isotropic valuegiso. The second-order quadrupolar interaction system. In practice, shorter pulse widths were sometimes used
will dominate the observed line shape and modify the apparentto provide more uniform excitation of the spectra. The magic
isotropic chemical shift such that the observed “center-of- angle was calibrated on the satellite transitions of k@l

gravity” shift is a sum of the true isotropic chemical shift and
a second-order quadrupolar sHiftSince different conventions
exist for reporting NMR parameters, some of the definitions

resonance of solid NaCl. Due to broad signals and to avoid
interference from probe ringing, echoes2—1,—n—1,) were
used for both stationary and MAS samples. QCPMG or spikelet
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echo experiments were carried out using the pulse se-

quence given in refs 35 and 38. Briefly, we may summarize
this sequence as:f2)x—11—(7w)y—12—ACQ—[13—(7)y—T4—
echo-]M—14, where the echoes are sampled in the period

marked “echo”. Phase cycling requirements are given in ref 35.

Typically, M = 32 repeating units were used and the number
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independent atomic orbitals) methtyd.ocally dense basis séts
were used in some cases. All basis sets (3-21G, 6-311G,
6-311+G*, 6-311++G**) were available within the Gaussian
package. The nuclear quadrupolar coupling consté&swere
determined from the calculated largest EFG componést,

by means of eq 4. Conversion¢f; from atomic units to Vm?

of points acquired was adjusted so that the sideband separationwas carried out by using the factor 9.71%710? Vm~2 per

was 110 kHz. Left shifting of the FID prior to FT was typically

atomic unit®® It should be noted that Gaussian 98 repdfts

used for all spectra except the QCPMG spectra, where acquisi-with sign opposite to the convention used in eq 4; Gaussian

tion exactly at the top of the echo is critical for obtaining reliable
spectra. Recycle delays were 8@5 s for all compounds.
Chlorine-37 NMR spectra were obtained on the Bruker instru-
ment Bo = 9.4 T,v (}Cl) = 32.63 MHz) with pulse widths of
2.75us. The3"CI NMR spectra were used in combination with
the 35CI NMR spectra to refine the quadrupolar tensor param-
eters reported herein. All spectra were processed using VRAVIR,
NUTS and WINNMR#® Gaussian line broadening functions

of 200—1000 Hz were applied to spectra of stationary samples,

50—-150 Hz to spectra of MAS samples, and-2 Hz to
QCPMG spectra.

Experimentally, spectra were referenced to the chlorine
resonance of NaCl(s) at 0.00 ppm. The following relationships

were employed to convert the chemical shifts so that they are

with respect to the primary reference, an infinitely dilute solution
of NaCl in H;O. The chemical shift of NaCl(s) with respect to
KCI(s) is —49.73 ppnt® The chemical shift of KCI(s) with
respectd 1 M NacCl in HO is 3.90 ppnt Finally, the chemical
shift of 1 M NaCl(aq) with respect to an infinitely dilute NaCl
solution in HO is about—0.51 ppn?*” Thus the conversion
factor is (see Note Added in Proof):

o (rel. to NaClin HO, inf. dilute)=
0 (rel. to NaCl(s))— 46.34 ppm (6)

output was corrected for this. The accepted value of the nuclear
quadrupole momen@, for 3°Cl is —82 mb# The ratioQ(3"Cl)/
Q(**CI) is known to be 0.788098%;>and soQ(®’Cl) is —64.6

mb.

Calculated nuclear magnetic shielding tensors were converted
to chemical shift tensors using the absolute shielding scale for
chlorine?” The absolute shielding constant for the primary
reference, an infinitely dilute aqueous solution of NaCl, is 974
+ 4 ppm. Therefore, calculated shielding constants were
converted to chemical shifts via the following equation:

0=974—0 ©)

where all quantities are in ppm.

Results and Discussion

(i) °CI NMR Spectra with MAS. Acquisition of35CI MAS
spectra of the 1/2> —1/2 transition of compounds containing
chloride ions with quadrupolar coupling constants of less than
4 MHz was straightforward on the 18.8 T magnet at MAS rates
of 10—15 kHz. Signals were easily observed after a single scan.
Spectra with well-defined second-order quadrupolar line shapes
and good signal-to-noise ratios were generally obtained in
approximately 30 min. Shown in Figure 2 are central transition
spectra of MAS samples of (a)cysteine ethyl ester hydro-

The chemical shift values reported in this paper are with respectchloride, (b)L-cysteine methyl ester hydrochloride, and (c)

to infinitely dilute NaCl in HO at 0.00 ppm. It should be noted
that the 3°CI chemical shifts for the chloride ion in 4@
compared with RO are significantly different® The spectra
shown in Figures 25 (scale in kHz) are with respect to solid
NacCl at 0.0 kHz.

Most spectra were simulated using the WSOLIDS software
packagée?? which incorporates the space-tiling algorithm of
Alderman et aP® QCPMG spectra were simulated using the
SIMPSON prograni? The QCPMG simulations take into
account the possibility of incomplete or nonuniform spectral

L-tyrosine hydrochloride. The best-fit parameters for the simu-
lated spectra are given in Table 1. TH€l quadrupolar coupling
constant for this series of compounds ranges from approximately
2 to 4 MHz, and the quadrupolar asymmetry parameter ranges
from nearly zero to greater than 0.8. Conversely, the isotropic
chemical shifts are fairly constant, all falling between 45 and
55 ppm. This small variation in the chemical shift is also found
for perchlorate salt®¥ although the chemical shift ranges for
the two classes of compounds are on the order of 1000 ppm
apart. The variation in chemical shifts within either class of

excitation by considering experimental parameters such as thecompounds, on the order of tens of ppm, represents less than

finite pulse widths and rf field strength used.
(i) Ab Initio Calculations. Calculations of chlorine electric

5% of the total known chemical shift range for chlorine, 1500
ppm&26L The variation inCq, which has been measured for

field gradient and nuclear magnetic shielding tensors were doneboth the hydrochloride salts and the perchlorates, is also

using Gaussian 98 and Gaussian 98wnning on an IBM RS/
6000 workstation with dual 200 MHz processors and a Dell
Dimension PC (Pentium IlI, 550 MHz, 128 Mb RAM). The

relatively small,< 5%, since values of up t&-150 MHz are
known?7:82 A more complete discussion of the dependence and
sensitivity of the chlorine NMR interaction tensors on the local

geometry of ammonium chloride was taken from the solid-state environment, in particular the hydrogen bonding about chlorine,

neutron diffraction structure® with r(N—H) equal to 1.03 A
and an equilibrium nitrogenchlorine distance of 1.933 A. The

is presented below. To our knowledge, the spectra presented in
Figure 2 are the first that explicitly demonstrate via sharp

geometry of sodium perchlorate used in the calculations second-order line shapes the potentiat¥fl MAS solid-state

employed a tetrahedral C}Omoiety with CH-O bond lengths

of 1.42 A and a chlorinesodium equilibrium internuclear
distance of 3.54 &455where the sodium atom lies in one of
the O-CI—0 planes and bisects the-@|—0O angle (model A
from ref 54). The gas-phase equilibrium sodiuohlorine
distance in NaCl is 2.3608 % The geometry ofi-tyrosine
hydrochloride was constructed from the neutron diffraction
atomic coordinate®’ vide infra. Calculations of nuclear mag-

netic shielding tensors were done using the GIAO (gauge-

NMR for the study of organic hydrochloride salts. It is important
to recognize that local sample heating induced by MAS is likely
to slightly alter the chlorine nuclear quadrupolar coupling
constant from that determined from a stationary sample.
Given the range of chlorine quadrupolar coupling constants
determined using MAS NMR for chloride anions, 2 to 4 MHz,
multiple-quantum MAS (MQMAS) experimerfson 3537C|
nuclei should be practical at high field strengths for identifying
and characterizing nonequivalent chlorine sites in these types
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TABLE 1: Summary of 35CI NMR Parameters for the Organic Hydrochloride Salts Investigated

molecule Co/MHz n disd/ ppm Q/ppm K
L-tyrosine HCt 2.234+0.02 0.72+ 0.03 49.3+ 0.5 <150
L-cysteine methyl ester HEI 2.37+£0.01 0.81+ 0.03 48.2+ 0.7 45+ 15
L-cysteine ethyl ester HEI 3.78+ 0.02 0.03+ 0.03 53.2+ 0.5 47+ 4 -0.8+0.2
tris sarcosine Ca@l 4.04+0.03 0.62+ 0.02 14.7+ 10.0 <150
quinuclidine HCI° 5.254+ 0.02 0.05+ 0.01 9.7+ 10.0 50+ 20

a parameters determined from MAS and static Hahn-é&Bbspectra acquired at 18.8 TParameters determined from MAS, Hahn-echo, and
QCPMG *Cl spectra acquired at 18.8 TParameters determined from Hahn-eék@l spectra acquired at 18.8 and 9.4 T, and Hahn-é&@b
spectra acquired at 9.4 T.

(a)
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Calc. H%
i
Calc. e
WJ Expt. Calc.
Q=0
e
r T T T T 1
(c) 30 20 10 0 -0 -20
Cal kHz
ac. Figure 3. Experimental®*Cl NMR static echo (top) and QCPMG
Expt. (bottom) spectra of-cysteine ethyl ester hydrochloridg, = 18.8 T,
; ; . : along with the best-fit simulated spectra. Also shown are simulated
12 8 4 0 4 spectra for which a span of zero was used. Spikelets in the QCPMG

spectra are spaced at 1 kHz intervals.

spectra ofiL-cysteine ethyl ester hydrochloride, for which the
chlorine CS tensor was determined to have a span of 4%
ppm and a skew 0f-0.8 & 0.2 (Table 1). This corresponds to
principal components af;1 = 83,92, = 41, anddzz = 36 ppm.
Additionally, the simulations indicate that the largest compo-

Figure 2. Experimental and calculated central transition region of the
high-field B, = 18.8 T)3*CI NMR spectra of magic-angle spinning
powder samples of (a)cysteine ethyl ester hydrochloride§ = 13.6
kHz); (b) L-cysteine methyl ester hydrochlorided = 14.2 kHz); (c)
L-tyrosine hydrochloridei,: = 14.8 kHz). Best-fit parameters are given

in Table 1. nents of the EFG and nuclear magnetic shielding tend6ss (
of compounds. Standard MAS and SATRAS® experiments andosg) are at 90 with respect to one another. The simulation
have already proven to be effective in the identification and of the QCPMG spectrum is comparable to those where aniso-
characterization of multiple perchlorate sites exhibiting very tropic chemical shift information has been extracted previously,
small quadrupolar coupling constants, e.g., the two unique sitese.g.,8’Rb spectra of RbCl9Qand RbVQ and>°Co spectra of
in Mg(ClO4)2-6H,0 haveCq(**Cl) values of 0.309 and 0.475  (Co(NHs)sCl)Cl,.35 Although they are acquired at the same
MHz.16 magnetic field strength, simulations of the QCPMG spectrum
(i) 35BCI NMR Spectra of Stationary Samples. While and the Hahn-echo spectrum in combination were useful to
MAS spectra allow for the characterization of the chlorine EFG refine and establish accurately the EFG and CS parameters.
tensor, analysis of the chlorine NMR spectra of stationary Simulations of Hahn-echo and QCPMG spectra.#yrosine
samples has the potential to provide information concerning the hydrochloride and -cysteine methyl ester hydrochloride (not
chemical shift tensor, i.e., its principal components and its shown) did not allow for a precise determination of the chlorine
orientation with respect to the EFG tensor. For the majority of chemical shift tensor in these compounds. Estimated limits on
the compounds studied herein, quantitative characterization ofthe span of the chlorine CS tensors are given in Table 1.
the chlorine chemical shift tensor proved to be difficult even at ~ While reports on the chlorine EFG tensor in organic
18.8 T. This is simply due to the fact that the span of the hydrochlorides are scaré@#2 information concerning the

chemical shift tensor typically amounts only to a few kHz (e.g.,
50 ppm x 78.3 Hz ppm! = 3.9 kHz), while the central

chlorine chemical shift tensor in such compounds is virtually
nonexistent. Even isotropic chemical shifts are rare for solid

transition spectra predicted based solely upon the quadrupolarhydrochloride salts. We may, however, compare the span of

interaction may be as wide as 100 kHz. Howeverfaysteine

47 ppm inL-cysteine ethyl ester hydrochloride to two known

ethyl ester hydrochloride, a quantitative determination of the chlorine chemical shift tensor spans of oxychloro anions, both
chlorine chemical shift tensor was possible. Shown in Figure 3 determined from single-crystafCl studies: Q = 32.04+ 1.2

are experimental and simulated Hahn-echo and QCPRG

ppm for NH,CIO4,° and Q = 40 £ 7 ppm for NaCIlQ.® The
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Figure 5. Experimental chlorine NMR static echo spectra of tris

sarcosine calcium chloride acquired for &Ll at 9.4 T, (b)3°Cl at

9.4 T, and (c}*Cl at 18.8 T, along with the best-fit simulations. The

- experimental spectra shown in parts (a) and (b) suffer from nonuniform

9% 60 30 0 -30 -60 -90 excitation across the-80 kHz breadth. An isotropic chemical shift
kHz tensor is assumed in the simulations shown. The effects of neglecting

anisotropic magnetic shielding are more evident at 18.8 T (part (c)).

" il

Figure 4. Experimental chlorine NMR static echo spectra of quinucli-
dine hydrochloride acquired for (8)Cl at 9.4 T, (b)**Cl at 9.4 T, and )
(c) ®Cl at 18.8 T, along with the best-fit simulations. Also shown in ~ To our knowledge, théCl quadrupolar coupling constant
part (c) is the experimentaiCl QCPMG spectrum acquired at 18.8 T.  in quinuclidine hydrochloride, 5.25 MHz, is the largest deter-
The experimental spectra shown in parts (a) and (b) suffer from mined directly by chlorine nuclear magnetic resonance spec-
nonuniform excitation across thel00 kHz breadth. The sharp feature troscopy to date. A comparable value, 5.027 MHz, has been
at 4.1 kHz in part (c) is the isotropic resonance due to a small amount determined for cocaine hydrochlori@eCertainly NQR spec-
of solvated quinuclidine hydrochloride in the sample. .

troscopy has been used to determine much larger quadrupolar

total range of chloride ion chemical shifts for the compounds coupling constant&; e.g., Co(**Cl) in 1,2,4,5-tetrachloro-3,6-
studied in the present work is less than 50 ppm. It is known dinitrobenzene is 76.937 MiAzand Co(**Cl) in solid Ck at 0
from solution NMR studies that chlorine chemical shifts of K is 108.975 MHZ® A value of —145.87 MHz has been
chloride ions cover a fairly narrow range-80 ppm) near zero  determined by molecular beam electric resonance spectroscopy
ppm&° Given that shielding constants for the chloride ion cover for the ground vibrational state of gaseous €R.arge Cq
a fairly small range and lie within200 ppm of the diamagnetic ~ values may also be determined indirectly by solid-state NMR
free atom shielding for chlorine (1149 pf# it is likely that methods. For example, residual spspin interactions between
the chloride magnetic shielding tensor is dominated by the **Cl and *3C in chloroketosulfones have been exploited to
diamagnetic contribution; it is therefore reasonable to expect determine &Cq(**Cl) of —73 MHz5
small shielding tensor spans. The chlorine isotropic chemical shifts for tris sarcosine
Experimental and simulated chlorine Hahn-echo spectra of calcium chloride and quinuclidine hydrochloride are identical
stationary samples of quinuclidine hydrochloride and tris within error, 9-15 ppm, but significantly different from those
sarcosine calcium chloride are shown in Figures 4 and 5, determined foL-tyrosine hydrochloride and thecysteine alkyl
respectively. In part (a) of each figure, tRéCl spectrum ester hydrochlorides. The neglect of anisotropy in the chlorine
acquired at 9.4 T is shown; parts (b) and (c) show @ chemical shift tensor only becomes apparent in the spectra
spectra acquired at 9.4 and 18.8 T. Also shown is the acquired at 18.8 T. For example, a span of 50 ppm was
experimental QCPMG spectrum for quinuclidine hydrochloride. incorporated into the simulated spectrum of quinuclidine
All of the spectra acquired at 9.4 T suffer to a certain extent hydrochloride in order to achieve the best fit (Figure 4c),
from nonuniform rf excitation; nevertheless, fitting of the although attempts at fitting this spectrum indicate that there is
discontinuities in the spectra allows for the determination of more than one solution. An isotropic chemical shift tensor was
Co andn. NMR of the®’Cl nucleus affords narrower line shapes used in the simulated spectrum of tris sarcosine hydrochloride

due to its smaller quadrupole moment relativé®@l; however, at 18.8 T (Figure 5c¢); deviations from the experimental spectrum
the lower natural abundance %€l results in spectra with lower  that are clearly different and distinct from those arising due to
signal-to-noise ratios relative 8Cl. Analyses of boti’Cl and nonuniform excitation of the powder pattern (i.e., differences

35CI NMR spectra allow for more accurate and precise deter- in the positions of the discontinuities rather than intensity
minations of the EFG tensor parameters (Table 1). In Figure differences) are apparent.

4c, the QCPMG sidebands were deliberately spaced at relatively A single-crystal®®Cl NMR study of tris sarcosine calcium
small (1 kHz) intervals about the transmitter frequency to chloride at 280 K as well as an NQR study of a powder sample
faithfully mimic the envelope of the powder pattern obtained at 292 K°are available for comparison with our high-field NMR
using a simple Hahn echo pulse sequence. results determined from a powder sample at ambient temperature
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Figure 6. Ab initio chlorine chemical shift tensor spar@)(and3*Cl g 5 E_: =3 5 g, g
guadrupolar coupling constant®)( for ammonium chloride as a g <3 g— = 3 s F 8
function of the nitroger chlorine separatiorr{N,Cl). Trendlines were ° g & e B 3 § %
determined by linear regression to have slopestf1 ppm A (span, = § % Q & o =
@) and—73 MHz A~ (Cy(®5Cl), W). The equilibrium value of(N,CI) Z2 B = ) i &
is 1.933 A. 2 & 5 =z

(~276 K). No information concerning the chlorine CS tensor Figure 7. Variability in 3°Cl nuclear quadrupolar coupling constants
is reported in the two previous studies; the neglect of the CS as a function of the total number of N---Cl, O—H---Cl, and
interaction will introduce errors into the determination@j. S—H---Cl hydrogen bonds to chlorine in a series of compounds
The single-crystal study repor@o(®5Cl) as 4.10 MHz and; containing chloride anions.
as 0.67, with errors in the tensor elements of less thar? 5%. provided by Halkier et al® Further information is gained by
These values lie slightly outside the error limits on our values examining other simple model systems in the absence of
of 4.04+ 0.03 and 0.62- 0.02, but nevertheless the agreement hydrogen bonding. For example, calculations ont{NeCI~
is quite good. The powder NQR study reports a quadrupolar (RHF/6-31H-G*) as a function of the sodiumchlorine distance
frequency, €qQ/2h)(1 + #%43)Y2, of 2.160 MHz for*CI.7% To indicate that for chlorinedoiso(Cl)/ar = 27 ppm AL, 5Q(Cl)y/
extractCq (equivalent tee?qQ/h), we must make an assumption dr = —43 ppm AL, and dCo(3Cl)/or = —23 MHz A~L The
regarding the asymmetry parameter. Employing values rangingnegative sign ofCq(**Cl)/dr for NaCl and the corresponding
from 0.62 to 0.67 results i€o(*°Cl) values of 4.067 to 4.029  positive sign foraVzz(Cl)/or (due to the negativ€ for 3CI)
MHz, in excellent agreement with the value obtained in the are in agreement with higher-level calculations reported by Seth
present work. It is important to note that temperature effects et al’ Finally, analogous calculations on a model perchlorate
are likely to contribute to the slight discrepancies between the salt, Na---ClO,~, as a function of the sodiuschlorine
three studies. In fact, Erge et al. determined a temperatureseparation, yield values @#iso(Cl)/ar = 0.07 ppm A2, 9Q(Cly/
dependence of0.75 kHz K™% in the range 126260 K for the ar = —28 ppm AL, anddCq(®*Cly/or = 1.9 MHz A~1. Based
chlorine nuclear quadrupolar coupling constant in tris sarcosineon these calculations, it appears that in the presence of a
calcium chloridé® hydrogen bond, the EFG tensor is in fact more sensitive than
(iii) Chlorine NMR as a Probe of Hydrogen Bonding to changes in molecular and electronic structure around chlorine,
Environment. Based on the data reported herein, it is apparent e.g., for a change im of 1 A in NH4*++-CI~, the change in
that variations in the chlorine nuclear quadrupolar coupling span represents just 7% of the total chemical shift range while
constant are more easily measured than are variations in thethe change it€o(*°Cl) represents nearly 50% of the total range
chemical shift tensor. Nevertheless, it is certainly possible that of known 3°Cl quadrupolar coupling constants! Notably, both
the CS tensor is in fact an equally sensitive probe of the chlorine derivatives for NaCl@ are much smaller than for Ngl.
environment. For example, McDermott and co-workers have Recently, Chapman et al. have investigated some other NMR
illustrated the dependence of the carbon CS tensors in aminoproperties of N-H---Cl hydrogen bonds, e.g., the across
acids upon their protonation stateas well as the relationship  hydrogen bond indirect nuclear spispin coupling constant,
between nitrogen CS tensors and hydrogen bonding in histidine2"Jiso(3°CI,15N), in NH4Cl and pyridine hydrochloride using
and histidine-containing peptidés.Useful insights into the equation-of-motion coupled cluster singles and doubles (EOM-
relative sensitivity of the chlorine chemical shift and EFG CCSD) calculationg®
tensors to the local hydrogen bonding environment are afforded Halide ions represent some of the strongest hydrogen bond

by ab initio calculations on a simple model system,N++ClI~ acceptorg® It is generally thought that a chloride ion has the
(Figure 6). A series of calculations at the RHF/6-3HG** ability to bind to a maximum of four strong donors, e.g5 @
level has been carried out as a function of the nitregemiorine and N—-H donors’877Beyond this, weaker donors such asi€

separation. In particular, we focus on the span of the chlorine may play a role. Weak €H---Cl interactions are found, for
shift tensor and the nuclear quadrupolar coupling constant. example, in quinuclidine hydrochlorid@ Presented in Figure
Although the absolute values of these parameters are not7 is a summary of chlorine quadrupolar coupling constants as
significant due to the simplicity of the model system, instructive a function of the total number of NH---Cl, O—H---Cl, and
information may be obtained through the derivativegy(Cl)/ S—H---Cl hydrogen bonds around the chloride ion in each of
ar, dQ(Cly/ar and aCq(3>*Cl)/ar, wherer is the nitrogen- the compounds, as determined from the crystal structirés.
chlorine separation. The slopes of the graphs shown in Figure The data shown indicate a possible treraks the number of

6 provide estimates of these derivatives near the equilibrium hydrogen bonds to chlorine increases from one through four,
separationdQ(Cl)/or = —111 ppm A and dCo(33Cl)/or = the value of G, decreasesAn isolated chloride anion should
—73 MHz A~1. The calculations also indicate thatiso(Cl)/dr exhibit no EFG due to its spherical symmetry; similarly a
is 99 ppm AL A more in-depth computational study of the chloride ion with no opportunities for hydrogen bonding may
nuclear quadrupolar coupling constants in /&H has been exhibit a very small quadrupolar coupling constant, e.g.,
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TABLE 2: Comparison of Experimental and Restricted Hartree—Fock 3°Cl NMR Parameters for L-Tyrosine Hydrochloride

basis set on basis set on
basis set on ClI OH, 3x NH;  remaining atoms Co/MHz Vi Oisdppm disd/ ppm Q/ppm K
6-311G 3-21G 3-21G 2.95 0.77 990.3 -16.3 84 —-0.27
6-311G 6-311G 3-21G 2.68 0.59 985.4 -11.4 69 —0.10
expt. (this work) 2.23:0.02  0.72+:0.03 925.7 49.3: 0.5 <150

Co(®5Cl) = 0.8 MHz for calcium chloroapatit®:"® As a single
hydrogen bond is added, e.g., the case of quinuclidine hydro-
chloride, the symmetry is distorted and a large quadrupolar o
coupling constant results, 5.25 MHz. This is also the case for (a)
cocaine hydrochloride, where a single-N---Cl hydrogen bond

results in aCq of 5.027 MHz?>7° The chloride anion in tris
sarcosine hydrochloride possesses three hydrogen bonds to
nitrogen atoms; this results in a reduced valu€gf4.04 MHz.

The availability of X-ray crystal structures for the analogous
compounds-cysteine methyl ester hydrochloride andysteine

ethyl ester hydrochloridé,in combination with the NMR data
presented in Table 1, allows for a particularly insightful analysis

of the effects of the local chlorine environment on el NMR
parameters. The crystal structures of these two compounds are

very similar, both crystallizing in thB2;2,2; space group, and

both possessing three-NH---Cl bonds of comparable geometry.

The only major difference reported in the structures of these (b)
compounds is the length of the-8i---Cl hydrogen bond. In

the methyl ester, the authors conclude that there is no significant
thiol—chloride hydrogen bond, whereas in the ethyl ester, a fairly

strong interaction is deduced, based on theCSinternuclear

distances. Interpretation of the observed chlorine quadrupolarF. . .

. . igure 8. (a) Structure of.-tyrosine hydrochloride generated from
coupling parameters for these .compounds In ,th? context of Fhethe neutron diffraction atomic coordinates given in reference 27. Each
X-ray data suggests that the increased proximity of the thiol chioride anion is hydrogen bonded to four protons: one from an OH
group is directly responsible for the increaseCg from 2.36 group and three from different Nfgroups. (b) Detail of the structure
to 3.79 MHz; this is in agreement with the negative values of shown in part (a), with only the atoms surrounding chlorine shown,
dCq(35Cl)/or reported above for NKCI. Thus, the general trend for clarity. The calculated orientations of the chlorine nuclear magnetic
shown in Figure 7 is not strictly obeyed for these two similar shielding and elect_rlc fleld_gradle_nt tensors are indicated. The com-

.. ponents shown all liapproximatelyin the plane of the pagé&/yy and
compounds. However,_ the asymmetry parameter changes quit 1 lie approximately perpendicular to the plane of the page.
drastically, from 0.03 in the ethyl ester to 0.82 in the methyl
ester, and may be a particularly useful parameter for comparisonwhere the 6-311G basis set has been used on the OH apd NH
of the chloride sites in closely related compounds. It is also groups in addition to the chloride anion, should be more reliable.
worth pointing out that point charge models indicate that the The calculated quadrupolar coupling constant of 2.68 MHz is
EFG at a central nucleus in coordination complexes dependsin reasonably good agreement with the experimental value of
on the arrangement and number of the ligands; a similar 2.23+ 0.02 MHz. Perhaps more important is the fact that the
dependence likely plays an important role in determining the calculated value falls well within the experimental range for
chlorine EFG tensor for chloride ions involved in hydrogen chloride anions that have four hydrogen bonds (r€,2—3.8
bonding?g0-8! MHz). The calculations also establish ti@ is positive; it is

Neutron diffraction data are available foityrosine hydro- likely that this is true for all of experimentally determined
chloride?” The availability of this type of data is extremely quadrupolar coupling constants for chloride ions (Table 1 and
beneficial to NMR spectroscopists owing to the high precision Figure 7). Shown in Figure 8b are the calculated orientations
to which proton positions are reported. For example, the of the nuclear magnetic shielding and EFG tensors for chlorine,
accurately known structure oftyrosine hydrochloride has been  with the indicated components lying approximately in the plane
used recently to establish a reliable method for measuring of the page. There is no obvious rationalization for the calculated
proton-carbon distances in high-speed MAS experim@its. orientation; for example, no component lies directly along one
The availability of these data, including precisely known proton of the hydrogen bonds. Clearly, further experimental and
coordinates, has allowed us to carry out a restricted-Hartree theoretical work will be required to determine the relationship
Fock calculation of the chlorine CS and EFG tensors. Fedotov between the tensor orientations and variations in hydrogen
et al. have performed density functional theory calculations of bonding environment. To obtain credible results it is imperative
3537CI NMR properties for some small chlorine-containing that the hydrogen atom positions are known accurately.
molecule$* The system for which we have carried out the Based on the data presented in Table 2, the span of the CS
calculations is shown in Figure 8a. This simplest unit incorpo- tensor is calculated to a reasonable accuracy, and the isotropic
rates the chloride anion and its four hydrogen bonding partners,chemical shift falls in the approximate range known for chloride
i.e., four distinct tyrosine units. Incorporation of all four of these ions. The calculated isotropic chemical shifts are approximately
units is essential to model the hydrogen bonding environment 60—65 ppm less than the experimental value of 48.3 ppm. While
at chlorine. The results of the calculations, summarized in Table such a discrepancy may seem large, especially given the small
2, are in good agreement with the experimental data for range of chemical shifts observed for the various compounds
L-tyrosine hydrochloride. The results of the second calculation, studied herein{45 ppm), it is important to recognize that the
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total chlorine chemical shift range for diamagnetic compounds the Izaak Walton Killam Trust, and the Walter C. Sumner
is nearly 1500 ppm. Thus, the 60 ppm difference between the Foundation for post-graduate scholarships. R.E.W. is a Canada
calculated and experimental chemical shifts represents only 4%Research Chair in Physical Chemistry at the University of
of the possible shift range. Furthermore, gas-to-solid shifts are Alberta.
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