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Hg(ll) having an intramolecular NH---S hydrogen bond, Hg[2-

(pivaloylamino)benzenethiolatodnd Hg[2,6-bis(pivaloylamino)benzenethiolatajere synthesized and the crystal
structures were determined. The crystal structure of Hg[2-(pivaloylamino)benzenethibldtoD shows the
presence of two distinct conformers with different §—(Hg)—S—C torsion angles (81.7 and 176)6 The crystal
structure of Hg[2,6-bis(pivaloylamino)benzenethiolatodicates the presence of ordinary H§ bonds (2.335-

(2) and 2.342(2) A) and a straight linear coordinatior-F&—S = 174.7(1}) with a weak interaction of one of

the amide CO groups toward Hg(ll). A weak NH---S hydrogen bond in both complexes is detected from the IR
spectra in the solid state. TH&Hg NMR spectra show the high-field shift with a decrease in the $ig(ll)
ligand-to-metal charge transfer by the NH---S hydrogen bonding. The high-field shift by the double NH---S
hydrogen bond is far greater than that by thsubstituent effect of the electron-withdrawing group (OMe, H,
NHCOCH;, CI, NO,) on the benzenethiolate ring.

Introduction

Thiolate ligands have a high affinity for Hg(ll) to produce
various complexes, such as Hg(SRJHg(SR)]~,13 and
[Hg(SRXCl;]2~.# The common coordination form for the
thiolate complexes is a linear dicoordination with a shorti3g
distance. The Hg(ll) binding site in mercury reductase has been
proposed to be dicoordinate on the basis of an EXAFS analysis.
On the other hand, MerR is believed to have a trigonal Hg(ll)
site on the basis of the characteristic ligand-to-metal charge
transfer transition of S> Hg in the UV region as that of trigonal
planar (NEf)[Hg(S+-Bu)s).2 In view of these electrochemical
properties, the reduction of Hg(ll) sites in Hg proteins seems
to be difficult using conventional biological reductants because
di-, tri-, or tetracoordinate thiolate complexes have been reported
to exhibit relatively negative reduction potentiélsAlthough
the thermodynamically preferable reduction of the Cys-thiolate-
ligated Hg(ll) ion by flavin adenine dinucleotide or NADPH
may be explained as an enzymatic reactéri! it still remains
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unclear. Actually, the X-ray crystallographic analysis of reduced
mercuric reductase has indicated the binding of only two thiolate
groups!? A recent study proposed the importance of adjacent
Tyr phenoxy groups around Hg(ll) in mercuric reduct&bsk.

is important to study the effect of functional groups of
neighboring amino acid residues on the properties of the $ig
group.

Previously, we reported that the NH---S hydrogen bond
contributes to the positive shift in the redox potential in Cys-
containing oligopeptide Fe(ll) complexes as models of the Fe
center of iror-sulfur proteins*'5 The NH---S hydrogen bond
has been found to clearly shift the redox potential in @e
(2-(acetylamino)benzenethiolaip).® Thus, NH---S hydrogen
bonding can possibly produce a positive shift in the redox
potential in any metal thiolate complex.

The presence of two NH---S hydrogen bonds on one thiolate
S has been known in the crystal structures of the metal centers
of rubredoxin and azurit’-18 2,6-Bis(acylamino)benzenethi-
olate is one of the suitable ligands having two NH---S hydrogen
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bonds as models of the Cys-containing peptide chain. Theyield. *H NMR (Me;SO-ds): ¢ 9.83 (s, 2H), 7.38 (d, 4H), 7.28 (d,

presence of such hydrogen bonds in Mo(V), Mo(lV), Fe(ll),
Co(ll), and Cu(l) complexes has already been repct§é@2°

This paper describes the influence of the intramolecular

NH---S hydrogen bond on the H¢5 bond character and the
chemical properties of dicoordinate Hg(SAtpmplexes having

2-(acylamino)benzenethiolate and 2,6-bis(acylamino)benzenethi

4H), 2.00 (s, 6H).13C NMR (M&;SO-s): 6 167.94, 136.68, 132.28,

129.90, 119.25, 23.87. Anal. Calcd foreH16N20,S,Hg: C, 36.05;

H, 3.03; N, 5.26. Found: C, 36.02; H, 3.13; N, 5.24.
Bis[2,6-bis(acetylamino)phenyl] Disulfide, ¢,0-daabt),. Bis(2,6-

diaminophenyl) disulfide (0.4 g, 1.4 mmol) was dissolved in acetic

acid anhydride (5 mL), and the solution was refluxed for 1 h. Any

unreacted acid anhydride was decomposed by the addition of water.

olate ligands. The presence of the NH---S hydrogen bond hasthe solid materials were collected by filtration and successively washed

been discussed only in Hg(HDz(HDz = dithizonate?!
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o N =0
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Experimental Section

All solvents were dried over calcium hydride and purified by
distillation just before use. Thiols RSH R p-OMe-GsH,, p-Cl-CgHa,
p-NO,-CsH,4) were commercially obtained. Bis[2-(acetylamino)phenyl]
disulfide, (-aabt), and bis[4-(acetylamino)phenyl] disulfidg-&abt},
were prepared using the literature methbdBis(2,6-diaminophenyl)
disulfide was prepared using the reported metiod(n-Bu):N][Hg-
(SPh}] was prepared using the literature metii&dThe synthesis of
bis[2,6-bis(pivaloylamino)phenyl] disulfide was carried out using the
same previously reported procedété®

Bis(benzenethiolato)mercury(ll). This complex was prepared
using the same procedure as reported in the literdtunal. Calcd
for Cio2H10S:Hg: C, 34.30; H, 2.41. Found: C, 34.41; H, 2.45.

Bis[2-(acetylamino)benzenethiolato]mercury(ll), Hgp-aabt),. To
a methanol solution (10 mL) of bis[2-(acetylamino)phenyl] disulfide

with 2% aqueous HCI solution, water, 2% aqueous Nakl€@ution,
and water. The crude product was recrystallized from ethanol. Yield:
70%. The products include EtOH as crystal solvetif. NMR (Me;-
SO-ds): 0 9.01 (s, 4H), 7.54 (d, 4H), 7.34 (t, 2H), 1.96 (s, 12HJC
NMR (Me;SOdg): 6 168.75, 140.54, 130.73, 120.72, 119.97, 23.42.
Anal. Calcd for GoH22N404S,(CoHeO): C, 53.64; H, 5.73; N, 11.32.
Found: C, 53.51; H, 5.78; N, 11.38.
Bis[2,6-bis(acetylamino)benzenethiolato]mercury(ll), Hgé,o-
daabt),. The complex was synthesized by the same method described
above for the synthesis of Hagaabt) and obtained as fine colorless
needles in 49% yield!H NMR (Me;SO-ds): ¢ 9.39 (s, 4H), 7.62 (d,
4H), 7.15 (t, 2H), 2.07 (s, 12H)2C NMR (Me,SOds): ¢ 168.06,
140.63, 126.46, 118.42, 23.85. Anal. Calcd fosHz,N4OsS,Hg: C,
37.12; H, 3.43; N, 8.66. Found: C, 37.32; H, 3.47; N, 8.59.
Bis[2,6-bis(pivaloylamino)benzenethiolato]lmercury(ll), Hg,0-
dpabt),. The complex was synthesized by a method similar to that
described above for the synthesis of Big@bt). The crude material
was recrystallized from methanol to give colorless columns (44 mg,
67% vyield). 'H NMR (Me,SO-dg): 6 8.71 (s, 4H), 7.70 (d, 4H), 7.41
(t, 2H). ¥C NMR (Me;SO<ds): ¢ 175.83, 140.52, 131.32, 119.59,
118.64. Anal. Calcd for €HaeN4OsS,Hg: C, 47.13; H, 5.69; N, 6.87.
Found: C, 46.81; H, 5.55; N, 6.74.
Bis(4-chlorobenzenethiolato)mercury(ll), Hgp-Cl-bt),. To a
solution containing 4-chlorobenzenethiol (584 mg, 4 mmol) in MeOH
(30mL) was added Hgel(559 mg, 2 mmol). A white solid was
immediately produced, and the solution was stirred at room temperature
for 3 h. The solid was collected by filtration and washed with MeOH.
The crude precipitate was recrystallized from DMF/diethyl ethker/

(208 mg, 0.6 mmol) was added tetraethylammonium borohydride (113 hexane and gave colorless fine crystals. Yield: 37% NMR

mg, 0.8 mmol) at room temperature. After the solution was stirred for

(Me,SOde): 6 7.38 (d, 4H), 7.22 (d, 4H).3C NMR (Me;SO-ds): 0

5 min, acetic acid (1.5 mL) was added to hydrolyze excess tetraethy- 136.52, 133.34, 129.35, 128.23. Anal. Calcd fasH3S,Cl.Hg: C,

lammonium borohydride. Mercury dichloride (166 mg, 0.6 mmol) was
added to the solution to give a white precipitate, which was collected
by filtration. The crude precipitate was recrystallized from methanol
and gave fine colorless needles. Yield: 105 mg (32%). NMR
(Me;SO-dg): 6 9.16 (s, 2H), 7.74 (d, 2H), 7.52 (d, 2H), 7.12 (t, 2H),
6.94 (t, 2H), 2.07 (s, 6H).13C NMR (Me,SOdg): & 168.20, 138.95,
135.22, 127.96, 126.28, 124.09, 123.15, 23.74. Anal. Calcd for
CieH16N20,S,Hg: C, 36.05; H, 3.03; N, 5.26. Found: C, 36.08; H,
3.08; N, 5.29.
Bis[2-(pivaloylamino)benzenethiolato]mercury(ll)-/,H,0, Hg(o-

29.55; H, 1.65. Found: C, 29.36; H, 1.73.
Bis(4-nitrobenzenethiolato)mercury(ll), Hg(p-NO2-bt),. This com-

plex was prepared by the same method described above for the synthesis

of Hg(p-Cl-bt), and obtained as fine colorless crystals by the recrys-

tallization from CHCN/diethyl ether. Yield: 178.7 mg (36%)H

NMR (Me;SO-ds): d 8.04 (d, 4H), 7.63 (d, 4H)3C NMR (Me;SO-

ds): 6 150.26, 133.34, 129.35, 128.23. Anal. Calcd fesHgN204S,-

Hg: C, 28.41; H, 1.56; N, 5.55. Found: C, 28.32; H, 1.58; N, 5.50.
Bis(4-methoxybenzenethiolato)mercury(ll), Hgp-OMe-bt),. This

complex was prepared by the same method described fqo-Elig(

pabt).. This complex was synthesized by the above method. The crude pt),. The white crude product was recrystallized from{CN in 34%

complex was recrystallized from diethyl ethehexane to give slightly
yellowish plates. Yield: 7%.*H NMR (Me,SO-dg): 8 9.02 (s, 2H),
7.96 (d, 2H), 7.54 (d, 2H), 7.14 (t, 2H), 6.94 (t, 2H), 1.22 (s, 18F0.
NMR (Me;SO-ds): 0 175.65, 139.25, 135.55, 126.79, 126.60, 123.56,
121.08. Anal. Calcd for EHooN20,55Hg: C, 42.20; H, 4.67; N,
4.47. Found: C, 42.08; H, 4.61; N, 4.50.
Bis[4-(acetylamino)benzenethiolatolmercury(ll), Hgp-aabt),. The

yield. H NMR: ¢ 7.28 (d, 4H), 6.76 (d, 4H).23C NMR: § 157.29,
133.39, 126.36, 114.23, 55.06. Anal. Calcd fouHG.0,S;Hg: C,
35.11; H, 2.95. Found: C, 34.97; H, 2.88.

Physical Measurements. *H NMR and 3C NMR spectra were
recorded at 30°C using a JEOL EX 270 spectrometer operating at
270.05 MHz tH) and 67.80 MHz ¥¥C). **Hg NMR spectra were
obtained on a 71.35 MHz JEOL GSX 400 spectrometer using

complex was synthesized by the same method described above for thejimethylmercury in DMF as a standard for the chemical shift. All

synthesis of Hgg-aabt) and obtained as a colorless powder in 49%
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19%Hg NMR spectra were run on 0.02 M solutions in DMF at D).
IR spectra in the solid state were taken using a Jasco FT/IR-8300
spectrometer.

X-ray Structure Determinations. Single crystals of Hg[2-(pi-
valoylamino)benzenethiolatg] Hg(o-pabt}-¥/-H,O, and Hg[2,6-bis-
(pivaloylamino)benzenethiolatg] Hg(0,0-dpabt), were sealed in a
glass capillary for the X-ray measurements. These were performed at
23°C using a Rigaku AFC5R diffractometer with graphite-monochro-
mated Mo Ko radiation and a 12 kW rotating-anode generator. The
basic crystallographic parameters for Hg(abty and Hg,d-dpabt}
are listed in Table 1. Unit cell dimensions were refined with 25
reflections. Three standard reflections were chosen and monitored with
every 100 reflections and did not show any significant change. The
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Table 1. Crystallographic Data for
Hg[2-(pivaloylamino)benzenethiolatodnd
Hgl[2,6-bis(pivaloylamino)benzenethiolaio]

empirical formula G2H20N202.55,Hg Ca2HaeN4OsSHg
fw 626.19 815.45
crystal system monoclinic monoclinic
a(d) 15.899(2) 16.440(3)
b (A) 19.623(3) 13.950(3)
c(A) 16.360(3) 17.496(4)
S (deg) 99.81(1) 113.63(1)
vV (AY 5030(1) 3676(1)
VA 8 4
space group P2:/n P2,/a
u(cm™) 62.97 43.30
dcalc (g Cm_3) 1654 1473
radiation Mo Koo Mo Ka
20max (deg) 45 50
scan type w—20 w—20
no. of reflns measd

total 7154 7027

unigue 6866 6821
no. of observns 3226 3916

with | > 3o(1)

0.040 0.033

Ry° 0.043 0.034
no. of parameters 533 388
GOF 1.33 1.12

AR = Y |Fo| — |Fel/Z|Fal. ®* Ry = [IW(IFo| — |Fc)&XWIFol?Y2 w
= 1o?(|F|).

data were corrected for Lorentz and polarization effects. An empirical
absorption correction based on thescans was applied. The structures
were solved by direct methods for Hg@-dapt) and by the Patterson
method for Hgé-pabt} using the TEXSAN crystallographic software
package. The non-hydrogen atoms were anisotropically refined.
Hydrogen atoms were placed on calculated positions except for those
matrix least-squares techniques with non-hydrogen atoms. The refine-Angle (deg) Data for the Two Conformera @ndB) in

ment converged aR = 0.040 for Hgf-dabty and atR = 0.033 for Hg[2-(pivaloylamino)benzenethiolate}/,H,O

Hg(o,0-dpabt). Atom scattering factors and dispersion corrections

Figure 1. (a) Crystal structure of Hg[2-(pivaloylamino)benzenethi-
olato} and (b) intra- and intermolecular contacts.

A B
were taken from ref 27
EHMO Calculations. In order to elucidate the energetic difference Bond Lengths
of two conformers in one unit cell of Hg{pabt), EHMO calculations Hg—S1 2.333(4) HgS3 2.326(5)
of the two conformers for a simple model complex, Hg(gHiking a Hg—S2 2.323(4) HgS4 2.336(6)
Kodansha Co. EHMO program were done. The parameters for Hg(ll) mean 2.328 mean 2331
were obtained from the literatuf&. The bond lengths 2.33 and 1.34  Hgl-03 2.78(1) Hg2-S2 3.157(4)
A for Hg—S and S-H were adopted for the calculations, respectively. ~ Hg1-04 2.90(1)  HgzS1 3.162(4)
The angles 180 and 105wvere used for SHg—S and Hg-S—H, Bond Angles
respectively. S1-Hgl-S2 177.9(2) S3Hg2-S4 179.2(2)
S1-Hg1l-03 92.6(3)  S3Hg-S2 99.1(1)
Results and Discussion S1-Hgl-04 85.3(3) S3-Hg—-S1 77.2(1)
S2—-Hg1l-03 85.3(3) S2Hg—S1 163.0(1)
Crystal Structures of Hg[2-(pivaloylamino)benzenethi- S2-Hgl—-04 94.9(3)
olato],-*,H,0 and Hg[2,6-bis(pivaloylamino)benzenethiola- 03-Hg1-04 105.2(4)
to]. Hg(SPh), Hg(p-aabty, Hg(o-aabt), and Hgp,o-daabt) Hg1-51-C11 103.6(6)  Hg2S3-C31 104.1(6)
. : Hgl-S2-C21 107.3(5) Hg2S4-C41 105.9(6)
were obtained as fine needles. Unfortunately they could not ., 10545  mean 105
be analyzed by X-ray diffraction. The elemental analyses of c11-S1-(Hg)— 82 C31-S3—(Hg)— 177
these complexes indicate a dicoordinate structure as already S2-C21 S4-C41

Hgl-S1-C11-Cl2 —108(1) Hg2-S3-C31-C32  68(2)

A . . 2
crystallographically established for Hg(S-2-SitigHs). Hol-S2-C21-C22  —101(1) Hg2-S4-C41-C42  —74(2)

Figures 1 and 2 show the crystal structures of d4gébt)-
1/,H,0 and Hgo,0-dpabt}, respectively, determined by X-ray
analysis. Tables 2 and 3 show selected bond distances and bon
angles for the two complexes. Hgpabt)-";H;0, having a 5" 0 on angle, and the other shows 176d the C31-
single amide group, crystallizes in the space grdRfa/n ’

(monoclinic) withZ = 8. Therefore, the complex contains two 53-(Hg2)-54-C4l tgrsmn angle' _
distinct conformers in a unit cell as shown in Figure 1. Both  'he EHMO calculations of a simple model, Hg(SHhdicate
that the structure in the most stable total energy level has a 90

(27) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal- H—S—(Hg)—S—H torsion angle. Two similar energy level
lography; Kynoch Press: Birmingham, U.K., 1974; Vol. IV. HOMOs, an antibonding Hgfg—S(pr) MO (—13.288 eV) and

(28) Underwood, D. J.; Hoffmann, R.; Tatsumi, K.; Nakamura, A.; i _ _
vamamoto, Y.J. Am. Chem. S0d985 107 59685980, a bonding Hg(g)—S(pr) MO (—13.284 eV), are found at the

(29) Block, E.; Brito, M.; Gernon, M.: McGowty, D.: Kang, H.; Zubieta, ~ 90° H—S—(-Hg)—-S—H torsion angle as ShOV\./n.in Figure 3. The
J.Inorg. Chem.199Q 29, 3172-3181. former antibonding energy level has a minimum af @bd

onformers exhibit similar SHg—S angles (177.9(2) and 179.2-
)°); one conformer has 81 7%or the C1+S1—-(Hgl)—S2—
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Figure 2. (a) Crystal structure of Hg[2,6-bis(pivaloylamino)ben-
zenethiolatg] and (b) intermolecular Hg- - -O contacts in the complex.

Table 3. Selected Intramolecular Distance (A) and Bond Angle
(deg) Data for Hg[2,6-bis(pivaloylamino)benzenethiolato]

Bond Lengths (A)

Hg—S1 2.335(2) Hg O1 2.826(6)

Hg—S2 2.342(2) Heg- 02 2.722(6)

mean 2.339 Hg O3 3.189(6)

Bond Angles (deg)

S1-Hg—S2  174.7(1) HegS1-Ci1 102.2(2)
S1-Hg—0O1 103.2(2) Hg-S2-C21 98.3(2)
S1-Hg—02 97.7(1) mean 100.3
S1-Hg—03 71.6(1) Hg-S1-Cli1-C12 —86.6(6)
S2-Hg—-01 82.0(2) HgS2-C21-C22 —89.6(6)
S2—-Hg—02 80.2(1) C1%S1-(Hg)—S2-C21 104
S2-Hg—03 106.6(1) C1%C12-N1-C17 —167.1(7)
O1-Hg—02 121.2(2) C2%C22-N2-C27 69(1)
02-Hg—03 137.2(2) C11C16-N3—-C37 157.0(8)
03—-Hg—01 101.6(2) C2%C26-N4—-C47 152.6(9)

gradually increases to the 18d—S—(Hg)—S—H torsion angle,
while the latter bonding energy level has a maximum &t 90
and gradually decreases until 280The total energies of these
complexes indicate that one conformer is a slightly more
energetically preferable form than the other. Actually, most of
the reported mononuclear Hg(SRpmplexes possess harrow
C—S—(Hg)—S—C angles near 120e.g. [Hg(SGHgNH(CHz),]-
(ClOy), and [Hg(Se-SiMesCeHy)2],2%20although a large €ES—
(Hg)—S—C torsion angle near 18@vas reported for Hg(SE#)
having an intermolecular Hg---S cont&ét.

(30) Barrera, H.; Bayon, J. C.; Goriea-Duarte, P.; Sola, J.; Vas, J. M.
Polyhedron1982 1, 647.
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H-S-S-H = 180°

H

H

i !
i .
S\H By
model  Hg(dm)-S(pr)  Hg(pm)-S(pm) Hg(dh)-S(pm)
anti-bonding bonding anti-bonding

Figure 3. H—S—(Hg)—S—H torsion angle dependence of the HOMO
in Hg(SH), obtained using EHMO calculations.

For Hg(o-pabt), no significant difference between the Hg3
and Hg2-S distances or between the Hg3—C and Hg2-
S—C angles was observed. However, the-688 range for
the Hg—S—C—C torsion angle, namely the perpendicular
orientation of the Hg'S bond to the benzene ring, indicates
the lack of S m—phenyl pr interaction and facilitates the
preferable NH---S hydrogen bond formation between therS p
orbital and the amide NH group. The benzene ring has been
reported to be almost perpendicular to the+83-C plane for
Hg(S-Z-SiMQCeH4)2.29

Hg(o,0-dpabt) has a linear coordination {(SHg—S =
174.69(7j) like that (mean 1783 mentioned above for Hg-
(o-pabt)-%,H,0. The torsion angle HgS—C—C is about 90,
and the benzene ring is perpendicular to the+43gC plane,
similar to the case of Hg(S-2,4i6PrCeH,)2.2 The two bulky
amide groups at the,d-positions in Hg6,0-dpabt) also restrict
the location of the SC bond as shown in Figure 2. Three of
the four amide NH groups face the sulfur atoms holding each
planar amide plane. One remaining amide NH group is directed
to the outside, and the carbonyl group gains access to Hg(ll)
with a short Hg---O distance (2.722(6) A). The amide plane is
displaced from the benzene ring with a CX122—N2—-C27
torsion angle (69. The distortion is ascribed to the preferred
carbonyl coordination of the amide group to Hg(ll). The linear
S—Hg—S bond angle (174.69(%)is close to that (174.2(2)
for Hg(S-2,4,6-PrCeHy), reported in the literaturé®. Further-
more, the Hg-S bonds of 2.335(2) and 2.342(2) A and the-Hg
S—C bond angles of 102.2(2) and 98.3(#)r Hg(o,d-dpabt)
are similar to those (2.322(6) and 2.322(5) A) for the above
Hg(S-2,4,6-PrsCeHy),. The carbonyl coordination overcomes
the double NH---S hydrogen bonding, since the strength of the
hydrogen bond is relatively weak, as described later. Thus,
although the presence of the NH---S hydrogen bond in Hg-
(0,d-dpabt} is clear, the double NH groups at they-position
are not cooperative for the formation of strong NH---S hydrogen
bonding.

Figure 2b shows the intra- and intermolecular Hg---O contact
in the crystal of Hg¢,d-dpabt). Besides the intramolecular
Hg---O interaction by one of the four amide CO groups, other
weak intermolecular interactions exist with a long Hg---O
distance (2.826(6) A). These shorter contacts arise from a
Hg---O bonding interaction because the estimated van der Waals
contact for Hg---O is about 3.23 &. Similar complexes having
secondary bonding interactions have been reported, e.g. 3.08-
(2) A for the Hg---O distance of [Hg(SElsNH(CHs))2][CIO 4] 2%°

(31) Bradley, D. C.; Kunchur, N. RCan. J. Chem1965 43, 2786.

(32) Wright, J. G.; Natan, M. J.; MacDonnell, F. M.; Ralston, D. M.;
O’Halloran, T. V. InProgress in Inorganic Chemistryippard, S. J.,
Ed.; John Wiley & Sons: New York, 1990; Vol. 38; pp 32312.
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and 2.878(4) A for Hg[SSi(@-Bu)z]..3® Although the amide
plane is positioned to conjugate with the aromatic ring, one of
the CO groups coordinates to Hg(ll) and retains a sterically
unstable position in the amide plane against the aromatic ring
(torsion angle 69(%). Such a preferable distortion toward a
trigonal geometry by the intermolecular bonding interaction has
been discussed for various two-coordinate Hg(ll) thiolate
complexes by Wright et &F

The electronic effect of the amide group at ther p-position
of the benzene ring is known not to be significant for organic
disulfide molecule¥® but is for various [MJO(2- or 4-(acyl-
amino)benzenethiolatg) complexes?® In the case of the Fe-
(1, Co(ll), Mo(V), and Mo(IV) complexes, the local electron-
withdrawing ability of the amide NH group through the
NH---S hydrogen bond results in a decrease in the electron
density of S(p).

On the other hand, the S Hg(ll) ligand-to-metal charge
transfer in the bonding S{9—Hg(pr) LUMO contributes to
the1®**Hg NMR chemical shift due to the paramagnetic character
but only slightly to the Hg-S bonding in the heavy metal ion.

The present results suggest a function of the NH---S hydrogen
bond in metalloproteins containing Hg(ll), e.g. mercury reduc-
tase. The metal center of the Hg(ll) metalloproteins possibly
has a number of NH---S hydrogen bonds between the Cys
thiolate and peptide amide NH groups. On the basis of the
relationships between valence orbital bonding energies and
crystal structure obtained by the multiple-scattering self-
consistent-field X calculations, the decrease in the Hg

L(ligand) distance has been speculated to lead to a reduced Hg

5d—L p separation and a stronger destabilization associated with
disproportionation to Hg(l) and Hg(IFf Actually, the positive
shift of an Fe(ll)/Fe(lll) redox potential in [Fe{pabt}]?>~ and
a Mo(IV)/Mo(V) redox potential in [MJO(o-aabt)] ~ has been
already observetf:1® Therefore, the NH---S hydrogen bonds
could possibly be involved in the active center of the mercuric
reductases and MerR and contribute to the regulation of the
Hg—S bond and the structure.

IR Spectra of Hg(SAr),. The presence of an NH---S
hydrogen bond was established by IR spectroscopy.odgbt)
exhibits a hydrogen-bonding NH stretching band at 3228%cm
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Figure 5. Amide NH and CO regions in the IR spectra of (a) Hg-
[2,6-bis(pivaloylamino)benzenethiolatiadnd (b) bis[2,6-bis(pivaloyl-
amino)phenyl] disulfide.

be estimated to be 44 crhwhen the stretching of the free NH
in the disulfide, ¢-pabt), is employed as a standard. A large

and free CO and hydrogen-bonding CO bands at 1672 and 16242v(NH) value (163 cm?) was found for a trigonal complex,

cmL, respectively. These bands are consistent with those of
an inter- or intramolecular NH---6C hydrogen bond which
preferentially forms among the acetylamide groéfpsFigure

4 shows the IR spectra of Hgtpabt) and the corresponding
disulfide, ©-pabt), in the solid state. A disulfidep{pabt), in

the solid state exhibits a free NH and intermolecular NH=@©
hydrogen-bonding NH bands at 3389 and 325T &#irespec-
tively, and a free CO and the corresponding intermolecular
hydrogen-bonded CO bands at 1679 and 1644'cmespec-

[Cu'(o-pabt)]?-, in the solid stat@® (NEty),[Co'"(o-pabt)] has
been reported to give a strong hydrogen-bonding NH band at
3226 cntin the solid staté? The weak hydrogen bonding in
Hg(o-pabt) is ascribed to a weak interaction between NH and
S pr against the strongly covalent H@ bond.

The bands at 3256 and 1666 chn(broad) for the largely
shifted NH and slightly shifted CO stretchings of ldg{-daabt)
also indicate the presence of weak intramolecular NH---S
hydrogen bonds. Hgfaabt) shows almost non-hydrogen-

tively. These two pairs of bands correspond to each other asPonded NH band at 3340 crhand the CO band at 1665 cf

shown in Figure 4. Thus, the lack of an intermolecular
NH---S hydrogen bond is suggested for the bulky disulfide in
the solid state.

Hg(o-pabt)-1/,H,0 exhibits a broad NH band at 3345 tin
and three CO bands at 1685, 1665, and 1649'ams shown in
Figure 4a. The two shifted CO bands observed at 1685 and
1649 cnT! are tentatively assigned to those with two weak and
strong Hg---G=C interactions detected by the X-ray analysis
as illustrated in Figure 1b. ThaAv(NH) for Hg(o-pabt) can

(33) Wojnowski, W.; Wojnowski, M.; von Schnering, H. @&. Anorg. Allg.
Chem.1985 531, 153.

(34) Jaffe H. H. Chem. Re. 1953 53, 191.

(35) Tossel, J. A.; Vaughan, D. lhorg. Chem.1981, 20, 333—3340.

(36) Bystrov, V. F.; Portnova, S. L.; Tseltin, V. I.; Ivanov, V. T,
Ovchinnikov, Y. A.Polyhedron1969 25, 493.

Crystalline Hg6,d-dpabt} shows three NH bands at 3354,
3329, and 3296 cmt and two major CO bands at 1666 and
1651 cnt! (Figure 5a). The crystallographic analysis indicates
that the band shifted to 3296 cfis assignable to that involved
in the intermolecular NH---&C hydrogen bond of which the
corresponding CO band is observed at 165 tmThe NH
and CO bands at 3354 or 3329 and 1666 tare due to those
of the NH---S hydrogen bonding. The IR spectrum of the
corresponding disulfidep(o-dpabt}, clearly indicates the free
NH and free CO bands at 3398 and 1695 ¢ms shown in
Figure 5b. The two bulky-Bu groups prevent the formation
of an intermolecular NH---&C hydrogen bond. Interestingly,

(37) Ueyama, N.; Okamura, T.; Nakamura, A. To be submitted for
publication.
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no NH---S hydrogen bonding participates in the disulfide in
spite of the location of the NH group close to a sulfur atom as
described in the crystallographic analysis of the disulfide.

13C NMR and °*Hg NMR Spectra of Hg(SAr),. The3C
NMR chemical shifts of C£S) on the benzenethiolate of various
Hg(SAr), complexes in MgSO-Us reflect the direct electronic
effect of theo-, m, or p-substituent on the benzene ring. Figure
6 shows the correlation of thEC NMR chemical shifts of
aromatic C¢S) carbon with Hammet, constants. The
Hammetto, constants of th@-substituents, OMe, NHCOGH
Cl, and NG, follow a straight line except those for the
p-substituent, H. The deviation of Hg(SRIfom the line with
a high-field chemical shift is probably ascribed to the contami-
nation of polymeric structures of tri- or tetracoordinate geometry
with intermolecular associations in M&0O-ds solution. The
polymeric structure for the complexation between Hg(ll) and

Ueyama et al.
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Figure 7. Correlation of'®Hg chemical shifts in DMF with Hammett
op constants in Hg(SgH4-p-X)2 (X = OMe, H, NHCOCH, CI, NOy),
Hg[2-(acetylamino)benzenethiolatpHg[2-pivaloylamino)benzenethi-
olatoh, Hg[2,6-bis(acetylamino)benzenethiolatoland Hg[2,6-bis-
(pivaloylamino)benzenethiolatp]

a)

Figure 8. Schematic orbital drawing of (a) the paramagnetic contribu-
tion from the Spx orbital to the empty Hg(Il)p orbital and (b) the
effect of NH- - -S hydrogen bonding.

the p-substituents, OMe, NHCOGHCI, and NQ, follow a
straight line with similar behaviors as observed for the chemical
shifts of the3C(—S) signal described above. Hg(SPh)so
deviates from the line for the same reason as the high-field shift

thiophenolate has been discussed using IR and Raman spec@f the **C(=S) signal due to the formation of a polymeric

troscopies® The 13C NMR spectrum of the tricoordinate
complex [(-Bu)sN)[Hg(SPh}]23 indicates a high-field shifted
C(—S) signal at 143.6 ppm in M80-ds.

The differences in thé3C chemical shift of each G(S)
carbon between the-acylamino-substituted Hg(SArcom-
plexes and Hg{-aabt) were estimated as 2.0 ppm for Hg(
aabt) and 9.7 ppm for Hg{,0-daabt) as shown in Figure 6.
This result demonstrates the additivity of a NHCOLs$lb-
stituent effect on th@-positions of the benzene ring.

The electronic contribution of the amide group at the
o-position is negligible ¢, = ca. 0 for NHCOCH), or a rather
slightly electron-donating effect was observed (Figure 6). The
results of the C£S) chemical shifts for Hg(-aabt} and Hg-
(0,0-daabt) indicates the direct NH---S hydrogen bonding effect
of one or two NHCOCH groups at the- or 0,d-positions to
the benzene ring.

Figure 7 plots the chemical shifts of th&Hg signals in DMF
solution of Hg(SAr) with Hammetto, constants. The plots of

(38) Jaffe H. H. Chem. Re. 1953 53, 191.
(39) Canty, A. J.; Kishimoto, RInorg. Chim. Actal977 24, 109-122.

structure, because the relatively longHg bond distance of
[Hg(SPh}]~ in the tricoordinate structure results in a decrease
of the electron-donating contribution from S to Hg(ll).

The introduction of amide groups at tleeposition of the
benzene ring results in a high-field shift of th&®Hg signals
for Hg(o-aabty. When the chemical shifto( 1°*Hg) of the
p-substituted complex, Hpfaabt), at 30°C is employed as a
standard, the difference in the high-field shift is 47 ppm for
Hg(o-aabt) and 111 ppm for Hg{,0-daabt). The effect of
two amide groups at the,d-positions clearly shows additivity
for the 1°Hg signal shift. The direct hydrogen-bonding effect
of Hg(o-aabt) and Hgp,0-daabt) shows a similar magnitude
for the electron-withdrawing N@substituent shown in Figure
7.

The combined results indicate that thveando,0-NHCOCH;
groups act as electron-withdrawing ones toward the Si¢pond,
even though the electron-donating effect of tiveand 0,0-
NHCOCH; substituents operates through the aromatic ring. The
observed high-field shift of thé®*Hg signal is explained by
lowering of the unpaired electron density with the decrease in
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the S— Hg(ll) ligand-to-metal charge transfer in the LUMO
upon formation of the NH---S hydrogen bonding as illustrated
in Figure 8.

Thus, it is interesting that single and double NH---S hydrogen
bonds affect the HgS bond character more than the expected
effect of thep-substituent on the benzenethiolate ligand. Only
the small change in HgS bond characters has been observed
in various mercury thiolate complexes, Hg(S = CH,CH,-

OH, i-Pr, CHLCH,COOH, CHCOOH, Ph), where the electronic
effects of the R groups were reported ustiig NMR .26 The
reported high-field shift of®Hg signals is interpreted as due
to the increase in HgS ionicity of the Hg-S bonding. The
chemical shift of thel'3Cd signals of Cdk complexes (L=
Cl, CN, CHy) having a d° configuration have been predicted
by the estimation of the paramagnetic contribution from the S
atom to the Cd(Il) hole usingb initio calculations, as well as
for the Hg(ll) complexe$%4! The present results of tH8Hg
chemical shifts in Hg(SAg)strongly suggest that the NH group
attracts the S@p) electron involved in the NH---S hydrogen

Inorganic Chemistry, Vol. 35, No. 7, 1994951

HOMO and increases the dominant contribution of the kyd
S(pr) antibonding, which stabilizes the extended conformer with
a 180 C—S—(Hg)—S—C torsion angle. Hg[2,6-bis(pivaloy-
lamino)benzenethiolatphas ordinary HgS bonds (2.335(2)
and 2.342(2) A) and a linear31g—S bond (174.7(%) having

a weak interaction of one of the amide CO groups with Hg(ll).

The presence of a weak NH---S hydrogen bond in both
complexes is established by the observation of the shifted NH
stretching of the amide groups in the IR spectra in the solid
state. Thé®Hg NMR spectra show the high-field shift with a
decrease in the S Hg(ll) ligand-to-metal charge transfer due
to the NH---S hydrogen bonding. The high-field shift by the
double NH---S hydrogen bond is far greater than that due to
the p-substituent effect of the electron-withdrawing groups on
benzenethiolate.

Mercury-containing proteins have thiolatmetal bonds
which are expected to be surrounded by peptide amide groups
to form NH---S hydrogen bonds. Our results suggest that the
NH---S hydrogen bonding regulates the properties of the

bonding to decrease the paramagnetic contribution from the SS—Hg—S bond and also slightly affects the geometry.

atom to Hg(ll) in the bonding LUMO as shown in the schematic
drawing of Figure 8b.

Conclusions

Hg[2-(pivaloylamino)benzenethiolate}/;H,O exhibits the
presence of two distinct conformers with different 6—(Hg)—
S—C torsion angles (81.7 and 176)6in the crystal. The
NH---S hydrogen bond weakens the Hgjp S(pr) bonding

(40) Nakatsuji, H. InComparison of Ab Initio Quantum Chemistry with
Experimental for Small MoleculesBartlett, R. J., Ed.; Reidel:
Dordrecht, The Netherlands, 1985; p 409.

(41) Nakatsuji, H.; Kanda, K.; Endo, K.; Yonezawa,JT Am. Chem. Soc.
1984 106, 4653-4660.
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