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A series of [TmYeM(u-Cl)]; and TmRMCI (TmR = tris(mercaptoimidazolyl)borate; R = Me, Bu, Ph, 2,6-Pr,CeHs
(Ar); M = Mn, Fe, Co, Ni) complexes have been prepared by treatment of NaTm"e or LiTmR with an excess
amount of metal(1l) chlorides, MCl,. Treatment of TmRMCI (R = Bu, Ph, Ar) with Nal led to a halide exchange to
afford TmRMI. The molecular structures of [TmMeM(-Cl)], (M = Mn, Ni), [Tm"eNi(z-Br)],, Tm®MCI (M = Fe, Co),
TmPMCI (M = Mn, Fe, Co, Ni), Tm"MCI (M = Mn, Fe, Co, Ni), Tm?"MI (M = Mn, Co), and Tm*MI (M = Fe,
Co, Ni) have been determined by X-ray crystallography. The TmR? ligands occupy the tripodal coordination site of
the metal ions, giving a square pyramidal or trigonal bipyramidal coordination geometry for [TmeM(u-Cl)], and a
tetrahedral geometry for the TmRMCI complexes, where the S—M-S hite angles are larger than the reported N-M—N
angles of the corresponding hydrotris(pyrazolyl)borate (TpR) complexes. Treatment of TmP",Fe with excess FeCl,
affords TmP"FeCl, indicating that TmR,M as well as TmRMCI is formed at the initial stage of the reaction between
MCI, and the Tm® anion.

Introduction ligands are their negatively charged properties, leading to a

| stable coordination to the metal ions, as well as their varied
steric influence at the metals according to the size of the
substituents on the ligands. Recently, hydrotris(mercaptoimi-
dazolyl)borates (T, a new class of such tripodal borate

Tripodal face-capping ligands have proven to be usefu
entities for transition metal chemistry. The most well-known
type of such ligands is hydrotris(pyrazolyl)borate and its
derivatives (TP) with a wide variety of substitutions (R)
on the pyrazole ring&;the coordination chemistry of Tp

. : s M
has been extensively explored. The related borate ligands, R‘N*N’El&\Nfﬁ
including (thioether)borates PhB(GBR)? and (phosphino)- \j ,ﬁ E;>‘~N\Fl
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Mono{ hydrotris(mercaptoimidazolyl)borajoComplexes

One notable aspect of these face-capping ligands is theirTmR. In contrast to the previous reports that discussed the
application to the models of the metal-containing enzymes. formation of (Tn¥),M by the reaction of MGl and the Trft
Various model complexes of metalloenzyme active sites anion in a 1:1 molar ratio, TRMCI complexes were obtained
coordinated by histidine imidazoles such as hemerythrin andselectively by addition of excess MClo the Tn® anion.
hemocyanin have been accomplished by utilization of Tp The use of excess Mgcloward the Tt anion and the
ligands® Sulfur-ligated transition metal centers are also prolonged reaction time turned out to be the keys for the
abundant in enzymes such as nitrogenase, hydrogenase, argliccessful formation of the anticipated fviX complexes.
carbon monoxide dehydrogenase, and the modeling of theséWVe report herein the preparation of the monofT(R =
active sites has been the focus of our attentibmterms of Me, Bu, Ph, Ar; Ar= 2,6{Pr,C¢Hz) complexes of metal
mimicking the active site of metalloenzymes bearing sulfur halides, [TnY*M(u-Cl)], and Tn¥fMX (M = Mn, Fe, Co,
ligands, tripodal sulfur ligands have also been used. For Ni; X = Cl, I), which would be useful starting materials for
instance, several TfZn complexes were prepared to mimic  various transition metal complexes of fm
the sulfur-rich environments of zinc enzymes featuring a
tetrahedral coordination in the Ada repair protein or liver
alcohol dehydrogenase (LADH). Synthesis of TNfMX and [Tm MeM(u-X)], Complexes

The chemistry of the TRymetal complexes is potentially (R = Me, 'Bu, Ph, 2,6!Pr,C¢H3(Ar); M = Mn, Fe, Co,
rich and important because analogous structural typesNi; X = CI, I). In order to synthesize the target compounds,
observed with TP ligands would be available with T we first attempted the reaction of FeGkith 1 equiv of
ligands and the substituents on the imidazole rings are NaTmMe or LiTmP". However, these reactions appeared to
suitable for steric modification. As the tetrahedral transition give the sandwich-type complex Tafre. Indeed, Reglinski,
metal halide complexes of the Tglerivatives, TBMCI,8 Parkin, and their co-workers have already demonstrated that
are known to be versatile precursors for a wide range of the reactions of MCl, (M' = Fe, Ni) with NaTn¥¢ or M"'Cl,
transition metal mono-Thcomplexes, the analogous com- (M'" = Fe, Co) with LiTn?" afford Tri"e,M’ (M’ = Fe, Ni)
pounds comprising a Tfligand, TnfMX (X = halides), or TmPLM"” (M" = Fe, Co), respectivelif.* The dominant
are also expected to be useful synthons. However, such typegormation of sandwich complexes would be attributed to the
of TmR—transition metal complexes are still rare, probably much lower solubility of FeGlthan that of the mono-Tha
because of their propensity to form sandwich complexes substituted complexes. That is, during the course of the
(TmR),M.°10 Whereas efficient synthetic procedures for reactions, the concentration of the monoffcomplexes is
cobalt complexes, TACoX (R = Me, Bu; X = Cl, Br, 1), expected to exceed that of FeQlvhich leads to the more
have recently appearédye found a convenient route to the preferable formation of the sandwich complexes. However,
M(Il) (M = Mn, Fe, Co, Ni) halide complexes with a Tm  we found that the prolonged reaction time in the presence
ligand using metal halides and the alkaline metal salts of of excess FeGlallows the selective formation of the mono-
TmR-substituted complexes. Treatment of the LFMwith
(4) (a) Gamner, M.; Reglinski, J.; Cassidy, I.; Spicer, M. D.; Kennedy, A. excess FeGlat room temperature in dichloromethane im-
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(5) L(las)a/;'rr?s)trzﬂgjm\g\/é’ Hr\i'. ;Lllzltrﬁzgiv;/ aS Ig--; éﬁ}i nfoflﬁ%foﬁc?r%?otg?ﬁ reaction for 4 days, the dark green color gradually becgme

Hashimoto, S.; Kitagawa, T.; Toriumi, K. Tatsumi, K.: Nakamura, Prighter, and eventually, the green suspension was obtained.
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Y. Chem. Re. 1994 94, 737. (d) Feig, A. L.; Lippard, S. Xhem.

Results and Discussion

Rev. 1994 94 750. yield after the usual workup.
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Commun.1999 2301. (b) Parkin, GChem. Commun200Q 1971. Me Me~N\) e
(c) Bridgewater, B. M.; Fillebeen, T.; Friesner, R. A.; Parkin,JG. N~Me
Chem. Soc., Dalton Tran®00Q 4494. (d) Tesmer, M.; Shu, M.; ’ 1)
Vahrenkamp, Hlnorg. Chem 2001, 40, 4022. M= Mn, (Fe), Ni
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B.; Parkin, Glnorg. Chem199Q 29, 2452. (c) LeCloux, D. D.; Keyes, A similar reaction with LiTn#" and NaTm¢ also led to
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33, 6361, (d) Huang, J.; Lee, L+ Haggerty, B. S.; Rheingold, A. L. the formation of the mono-TH#t- and mono-Tr{e-substi-
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Klaeui, W.; Bell, R.; Strerath, A.; Wunderlich, H.; Mootz, Dhorg. (9) (a) Mihalcik, D. J.; White J. L.; Tanski, J. M.; Zakharov, L. N.; Yap,
Chem.1997, 36, 1552. (f) Kisko, J. L.; Hascall, T.; Parkin, G. Am. G. P. A.; Incarvito, C. D.; Rheingold, A. L.; Rabinovich, D.Chem.
Chem. Soc1998 120, 10561. (g) Guo, S.; Ding, E.; Yin, Y.; Yu, K. Soc., Dalton Trans2004 1626. (b) Dodds, C. A.; Lehmann, M.-A,;
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tuted complexes, respectively. The molecular structures of The yield of [TneNi(«-Cl)], was very low due to the
TmP'FeCl and Tr#'FeCl were eventually determined by dominant formation of the sandwich complex YNi,°
X-ray structural analysis, and their monomeric structures which precipitates out from the reaction mixture. In contrast,
were identified (vide infra). However, the nuclearity of the [TmMeNi(u-Br)], was obtained in 71% yield (based on
product having less hindered THin the solid state was  NaTn€) by a similar procedure using NiBiinstead of
not yet identified as THFeCl or [Tni"eFe(u-Cl)], due to NiCl,. In the mass spectra, all the [TiM(u-Cl)]. and Tnk-

the lack of the solid-state structure. The fast atom bombard- MCI complexes exhibited cationic signals corresponding to
ment mass spectrometry (FABMS) spectrum of ["FReCl), the [TnRM]* species. The monomeric form TWMCI is
(n= 1 or 2) in CHCI, exhibited a characteristic signal, the presumably generated in solution for the dimeric complexes
isotope pattern of which matches well with that calculated [TmMeM(u-Cl)],. Indeed, the solution color for [THINi(z-

for [TmMeFel" (m/z = 406.9). Whereas this indicates the Cl)], (deep green) differs from that in the solid state (green).
formation of the monomeric complex ™¢FeCl in solution, The reaction of NiGl with the TniB" anion did not afford

we presume this THfFe complex to be the dimeric structure the corresponding adduct but instead a nickelaboratrane
in the solid state because the color of the,CH solution complex of Ni(l), { B(timi®®¥)3} NiCl. During the formation
(deep green) is different from that in the solid state (green).

Such a color change is also found for the dimeric nickel B H@N"B”
complex [Tn¥eNi(u-Cl)],, as described below. N S o
The yields of TnFeCl (or [TneFe(-Cl)],) are typically N(\N/E%_‘/_‘N;j.\ S/N'"\m
higher than 80% based on the Tianions (25% and above, tB8y” sgs/N'\\ils B HN—
based on FeG). They are moderately stable toward air and “ et
moisture in the solid state, but unstable in solution. Regard- (BImIBYINICI (HtimiBY),NiCl,

less of the substituents on the imidazole rings, products are

soluble in dichloromethane and THF, but sparingly soluble Of the nickelaboratrane complex, activation of thetbond

in toluene, ether, and hexane. The color of the product @ccompanied by formal reduction of the metal center to Ni-
dramatically varies according to the substituents on thé Tm (I) took place to give a five-coordinate complex having a
ligands. For instance, TRYFeCl is light brown, Tfi"FeCl direct Ni—B dative bond. This is the first nickelaboratrane

is dark green, and TfFeCl is dark yellow. It seems likely =~ complex, whereas the related metallaboratrane complexes of
that the substituent on the thioimidazolyl unit modifies the Ru, Os, Co, Ir, Rh, and Pt have recently been synthesized
electron-donating ability. The representation of the tetrahedralby Hill and Rabinovict?*!> A small amount of thetert-
TmRFeCl closely parallels the Tp complexes and may thus butylthioimidazole (HtimP) complex, (Htim).NiCl,, was

provide an entry to various derivatives analogous to the Tp also isolated as well from this reaction, which probably came
chemistry. from the degradated T#Y anion prior to use. Indeed,

(Htimi®),NiCl, was alternatively prepared in 75% yield by

{\N,R the reaction of NiGl with 2 equiv of Htimi®,
As
NN N N
LTmR  +  MCh BT HB et () {\ B (\ e
(excess) rt <\/\T / /N \ Nal /N \
&N S Hg  qeM—0 —————— M (3)
r.t.
‘ . Nl &N
M = Mn, Fe, Co, Ni NYS NYS
R=1Bu, Ph, 2,6-Pr,CqHg(Ar) &N‘n v o Go N <fN
= ) y , NI
The cobalt and nickel complexes, ®F@oCl and TnfNiCl, R="Bu, Ph, 2,6-Pr,CeHy(Ar)

were also synthesized by a similar procedure, whereas the
preparation of THMnCl was achieved by a 1:1 reaction excellent preparative route to the corresponding iodide

between MnGl and the Trft anion in methanol. All . .
analogues, TfMI, whereas the reaction of Miwith the
manganese complexes are colorless, but the colors of the : .
: . alkaline metal salt of T affords multiple products that
cobalt and nickel complexes change because of the substit-

uents on the mercaptoimidazolyl group, for instance®®Fm could not be separated. The halide exchange successfully

CoCl (green), TYCoCl (light blue), TH™ICI (green), and proceeded for the mononuclear, tetrahedral complexés Tm
TmA'NICI (greenish brown). The TMf complexes of Mn (12) (a) Hill, A. F.; Owen, G. R.; White, A. J. P.; Williams, D. Angew.

Treatment of monomeric TRMICI with Nal provided an

and Ni were isolated as the dimeric form, [T¢#M(u-Cl)].» Chem,, Int. Ed1999h38, 2759. (b) For”eman, M. R. St. -J; HiIIII, A.

_ ; ; ; F.; Owen, G. R.; White, A. J. P.; Williams, D. @rganometallics
(M = Mn, Ni). The bulkiness of the substituent on the 2003 22, 4446. (c) Foreman, M. R. St. -J.; Hill, A. F.; White, A. J.
imidazole ring likely results in the difference in nuclearity, P.; Williams, D. J.Organometallics2004 23, 913. (d) Crossley, I.

i R.; Hill, A. F. Organometallics2004 23, 5656. (e) Crossley, |. R.;
whereas the analogous CObalt.(”) complex "F@oCI is Hill, A. F.; Willis, A. C. Organometallic2005 24, 1062. (f) Crossley,
reported to be monomer® The yields for the Mn, Co, and I. R.: Foreman, M. R. St. -J.: Hill. A. E.: White, A, J. P.: Williams,
Ni complexes are satisfactory and typically higher than 50% a- J. %hem-E Cgmw”r)ZOgS CZél- (9) Cr?slf_lesyzb Bst'it Tgé:?'(rf)';
. 0, umpnrey, . K.] s, A. rganometalliic 3 .

b"lised on the added Tranions (89-12% based on MG" Crossley, I. R.; Hill, A. F.; Willis, A. COrganometallics2006 23,
with exceptions for the THf and Tn# complexes of nickel. 289.
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Table 1. Properties and Spectral Data for Complexes

yield based
on [TmR]~ IR mass spectrum
compound color (based on MG)2 (B—H)2 UV —vis (¢)2 (CH.Cl,)P
TmMeFeCl green 78 (26) 2438 264 (18.6), 306 (6.9, sh), 406 (2.9), 406.9 (IM]* — Cl)
614 (1.3)
TmBUFeCl light brown 94 (94) 2408 276 (1.0), 357 (0.26, sh), 421 (0.08, sh) 568.2 ([M], 10%),
533.1 ([M]* — CI, 100%)
TmPFeCl dark green 86 (86) 2431 361 (1.7, sh), 446 (0.93, sh), 646 (0.69) 593.1<(1a])
TmA'FeCl brown 99 (25) 2409 285 (1.5, sh), 345 (0.32, sh) 880.5 ([M], 80%),
845.5 ([M]* — CI, 100%)
[TmMeMn(u-Cl)]2 colorless 54 (54) 2391 261 (27.2) 406.5 (1/2[M} CI)
TmBUMnCI colorless 89 (89) 2411 269 (22.0) 532.1 ([M} ClI)
TmPMnCl colorless 35 (35) 2420 280 (16.7) 592.2 ([Mt CI)
TmA'MNnClI colorless 86 (86) 2413 271 (28.6) 844.5 ([M} ClI)
TmMeCoCl green 37 (12) 2410 371 (4.2),697 (1.2) 410.1 (IM]CI)
TmBuCoCl green 77 (77) 2410 369 (3.4), 665 (0.96), 701 (1.3), 563.3 (IM]* — Cl)
738 (1.0)
TmPCoCl green 59 (20) 2418 279 (7.9), 371 (2.2), 663 (0.64), 596.2 (IM]" — ClI)
702 (0.85), 740 (0.63)
TmA"CoCl light blue 55 (18) 2440 369 (0.35), 665 (0.09), 701 (0.14), 848.5 (IM]" — Cl)
738 (0.10)
[TmMeNi(u-Cl)]2 green 18 (3.5) 2387 267 (12.5), 331 (4.6), 378 (4.3), 409.1 (1/2[M}" — CI)
424 (4.2)
[TmMeNi(x-Br)]2 brown 71(71) 2440 330 (7.6), 363 (7.1, sh), 426 (6.7, sh),  409.1 (1/2[M]" — Br)
731 (4.6, sh)
TmPNiICl green 55 (19) 2431 392 (3.9), 640 (0.45), 730 (0.38, sh) 595.21(IMTI)
TmA'NICI yellowish green 79 (20) 2439 284 (2.6), 384 (0.67), 450 (0.19, sh) 882.4 (M%),
847.4 (IM]* — CI, 100%)
TmBuFel brown 93 2424 286 (29.5), 361 (10.7) 534.3 (M} 1)
TmPFel green 64 2431 290 (16.9), 446 (4.8, sh), 646 (2.1) 593.2 ((M] 1)
TmAFel yellow 5% 2424 341 (4.1) 845.4 (IM]— 1)
Tm®BuMnI colorless 95 2414 274 (19.4) 532.3 (IM]—1)
TmPWInI colorless 98 2422 278 (13.2) 592.2 (IM]—1)
TmA'Mnl colorless 76 2435 275 (28.5) 844.5 (IM]— 1)
TmBuCol light yellow 93 2411 393 (2.5, sh), 695 (0.78), 740 (0.91, sh), 536.3 (M]*— 1)
758 (0.98)
TmPCol green 46 2436 393 (2.5, sh), 694 (0.65), 730 (0.86), 596.2 ([MI* — 1)
761 (1.0)
TmA"Col yellow 5 2436 269 (17.2), 406 (0.92), 759 (0.11) 848.5 (M} 1)
TmPNil orange 86 2413 411 (4.8), 699 (0.45), 784 (0.35, sh) 595.2 (fM]1)
TmA'Nil orange 69 2435 273 (32.2), 402 (4.8) 848.5 (M} 1)
{B(timi®B4)3} NiCl green 69 (69) 342 (4.0), 459 (1.9), 612 (0.40) 534.2 ({M]Cl)

aYields, %. IR, cnTL. Amax NM (€, x10° M~Icm™2), in CH.Cl,, rt. ® FABMS (m/2) with a stream of high energy Xe gas. 3-Nitrobenzyl alcohol was used

as the matrix¢ Yields based on the corresponding AiMCI.

MCI (R = 'Bu, Ph, Ar, M= Fe, Mn, Co, Ni) having a
terminal chloride but did not occur for the Tfhcomplexes
[TmMeM(u-Cl)]2 (M = Mn, Ni). The exchange of the halide
also led to a color change for the Fe, Co, and Ni compounds.
For instance, THINiX is green for X= Cl and orange for
X =1

In the IR spectra, the TRMX complexes exhibited
characteristic bands for the Tnligand, v(B—H), as sum-
marized in Table 1. The range for the-Bl band (2387
2440 cm?) is similar to that for thex®-Tp complexes,
indicating that B-H—M interactions do not exist. A slight
shift of thev(B—H) band to a lower frequency was found
from 2478 cm? for NaTnMe to 23872438 cm? for
[TmMeM(u-Cl)], and 2409-2440 cmt for TmRMX. This

= Fe, Co, Ni). Because the molecular structures of the Mn,
Fe, Co, Ni complexes are very similar, the perspective views
of only one of each Tfcomplex are shown in Figure 1,
and the selected bond lengths and angles are listed in Tables
2 and 3, respectively. In the case of Tina dimeric structure
featuring a trigonal bipyramidal (Mn) or square pyramidal
(Ni) geometry is formed with an inversion center at the
midpoint between the two metals. The shorter axiat-Si
distance (2.3212(8) A for the Cl complex) than the basal
Ni—S distances (2.4026(8) and 2.3468(8) A for Cl complex)
is typical for square pyramidal complexes. The shorter
metal-sulfur distance also leads to the longerGbond as

a result of the back-donation from the metal to the thioimi-
dazol group. This is also the case for the trigonal bipyramidal

can be attributed to the enhancement of the anionic chargeMn complex, with longer Mna-S(axial)/C=S(equatorial) and
at the coordinated sulfur atoms, which reduces the negativeshorter M-S(equatorial)/&S(axial) bonds. The other T

charge at B-H.

Structures of the TmRMX Complexes. The X-ray
structure analyses were carried out for [T («-Cl)]2 (M
= Mn, Ni), [TmMeNi(u-Br)],, TmBMCI (M = Fe, Co), Tnfi-
MCI (M = Mn, Fe, Co, Ni), TMHMCI (M = Mn, Fe, Co,
Ni), Tm®UFel, Tnf"™I (M = Mn, Co, Ni), and TM"MI (M

(R =Bu, Ph, Ar) complexes adopt a mononuclear tetrahedral
geometry having an ide&l; axis running through the B, M,
and X atoms. All the Tt ligands are bound to metals in a
«3-fashion, forming eight-membered metallacycles consisting
of the metal, two mercaptoimidazolyl groups, and boron. This
leads to larger SM—S bite angles (around 10%or TmR-

Inorganic Chemistry, Vol. 45, No. 24, 2006 9917



Senda et al.

TmP'NiC TmA'FeCl
Figure 1. Molecular structures of [THEMn(u-Cl)]2 (top, left), TniBUCoCl (top, right), TR™NiCl (bottom, left), and TmrFeCl (bottom, right).

Table 2. Selected Bond Distances (A) for the Dinuclear ComplexesMavin(u-Cl)]2, [TmMeNi(u-Cl)]2, and [TreNi(u-Br)]»

M-S (ax.), M—S (eq or basal) M-CI (Br) C=S (ax.), CG=S (eq or basal)
(TmMeMnCl), 2.5698(6), 2.477(av) 2.4149(6) 1.707(2), 1.719 (av)
(TMMeNiCI), 2.3212(8), 2.3747 (av) 2.3818(9), 2.4129(7) 1.723(3), 1.720 (av)
(TmMeNiB) 2.3116(6), 2.3665 (av) 2.5192(4), 2.5684(4) 1.722(3), 1.717 (av)
Table 3. Selected Bond Distances (&) and Angles (deg) for back-donation from the metal to the thioimidazol group is
H — t . p— . — . .pe . . .
Monomeric TnfMX (R = 'Bu, Ph; Ar= 2,6'Pr.CeHz; M = Mn, Fe, not significant during the interaction between the metals and

Co, Ni; X =Cl, | ) o ;
o ) the TnR ligands, and thus ligation of the=€S group is
M XR M-S MX €S SMS SMX expected to be labile.

Mn Cl Ph 2454(2) 2.326(2) 1.719(4) 103.53(5) 114.91(4) i
Mn Gl Ar 2.435(3) 20050 1710(0) 105.43@) 113.26(7) Structure of the Nickelaboratarane Complex. The

Fe Cl Ph 2385(1) 2.255(3) 1713(5) 104.76(4) 113.85@) Molecular geometry of B(timi*®)s}NiCl is illustrated in

(F:e cC:ll /é\r g-g;g?((?a;w 22-22233(12(;5) 11-7721??(‘(‘6)W) 11(;);1;961( éz)aV) 111133-4710( z(giV) Figure 2, which exhibits a trigonal bipyramidal arrangement

(o] Bu 2. . . . . . . . .

Co Ol Ph 2827(1) 2252(2) 1715(4) 107424) 111454 around the nickel with a direct NiB bond (2.108(4) A).

Co Cl Ar 2312(1) 2242(2) 1.705(3) 108.22(3) 110.70(3)  The nickel-boron linkage is compared with those observed

Ni Cl Ph 23000(7) 2.235(1) 1.716(3) 104.47(3) 114.10Q2)

Ni Cl Ar 2.2866(8) 2.216(1) 1.712(3) 105.14(2) 113.51(2) m;cah:az metallaboratarane cpmplexes of Ru, Os, C_:o, Rh’ and

Mn | Ph 2437(2) 2.626(2) 1.707(6) 104.38(6) 114.18(5) Ir,%a12the most closely aligned example of which is the

(F:e || er\ 22-33%6; ié(lgg 22-5557%(3()9) 11771215 g;/) 11%68-2525 ((;1;/) 1111%531; ((éa)V) cobaltaboratarane complex (€B, 2.132(4) A)%2 The boron

Co | Ar 2208(1) 2542(1) 1714(4) 109.57(3) 109.38(3) atom is tetrahedrally coordlqated W|th angle; in the range

Ni | Ar 22847 (av) 2515(av) 1.712(av) 105.25(av) 113.32(av) Of 107.6(3)-110.8(3}, and this boron is considered to act

Fe Cl 'Bu 2.3883(7) 2.232(1) 1.730(2) 102.69(2) 115.61(2) i i i i i

Fo | Bu 2370() 25731 L7318 10427(s 11428 OS5 @ Lewis acid, engaged in a datlye bonq from nickel to

Ni | Ph 227809 2.545(1) 1.710(4) 105.08(4) 11357@3) boron. Whereas the-SNi—Cl angles in TrfiNiCl (113.52-

(2)—114.00(3)) deviate only slightly from the ideal tetra-

MCI) than the N-M—N angles for the six-membered hedral value, the corresponding values in the nickelaborat-

metallacycles in the Tp complexes (ca.°ROA larger

S—M-—S hite angle steers the substituents on?Ttoward

the metal center, and this facilitates the formation of mono-

Tm complexes. Indeed, the reaction of M@lith the Tnie

anion can afford the chloride-bridged dimer [T#W(«-Cl)]2

or monomeric TreCoCl, whereas the T5 analogue is not

available. The M-S and M-CI distances follow the order

of the ion radii, Mn> Fe > Co > Ni. Although Tm*MClI )

and [TweM(ﬂ'Cl)]Z_Complexes comprise V"f‘r'ous num_bers Figure 2. Molecular structure of{B(timi®®“)s}NiCl. Selected bond

of d-electrons ranging from>dMn(ll) to d® Ni(ll), there is distances (A) and angles (deg): NI 2.355(1), Ni-S(1) 2.259(2), Ni-

no notable difference in the=€S distances. Similarly, the  S(2) 2.223(1), NFS(3) 2.267(1), N B 2.108(4), B-Ni—S(1) 87.1(1),
h f the halogen or the Tisubstituents has almost o b 52 87.7(1). B NI~ S(3) 88.9(1), CHNi—S(1) 93, 76(4), CENi—

exchange o 9 S e S(2) 91.24(4), GFNi—S(3) 91.38(4), S(HNi—S(2) 137.77(5), S(BHNi—

no influence on these bonds. These results indicate that thes(3) 103.61(5), S(2Ni—S(3) 118.17(5).
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arane complex decrease to 91.24(@3.76(4}. These values
are in agreement with the trigonal bipyramidal arrangement
at the nickel, but three equatorial sulfur atoms are not
arranged in an ideal trigonal manner, with theMi—S
angles ranging 103.61(5137.77(5J.

Formation of TMRMCI from Tm R,M and MCl ,. In the
synthesis of (TMMCI), (n = 1, 2), the use of excess MCI
toward the Tt anion and the prolonged reaction time was
found to be important. Therefore, we suggested that the
sandwich complex, TfM, would be converted to (Th
MCl), (n = 1, 2) in the presence of excess MCI

Ph, Ph
Ph 1 N
O e N /A -ph <N\/¥s
&N | H/B’NW/ / \
>B,r;Fe§ N S + FeCl T. 2 H—B su‘,...Fe—CI 4)
KNI\J;;"\\IS £ S=\$ (excess) " <\/\;‘f S/
é’h N é’h </N

(TmPh,Fe)

Treatment of the known sandwich complex, Tsirel°
with excess FeGlat room temperature led to a gradual color
change from dark green to green over the period of 12 h.
After removal of the excess FeCITmPFeCl was obtained
as a green powder in 80% yield. Taking this result into
account, we propose that the initial reaction mixture of the
TmR anion and excess Mgincludes both THMMCI and
TmR;M. The sandwich complex TraM gradually reacts with
excess MGl to form TnRMCI (Scheme 1). This hypothesis
is also in agreement with the dominant formation of"fga
Ni in the reaction of NaTMe with 5 equiv of NiCb. The
formed Tn"e,Ni complex is sparingly soluble in common
organic solvents, and this prevents it from reacting with
excess NiGl to form [TmMeNi(u-Cl)]..

The reaction of Td,M with MCI, requires the facile
dissociation of the &S and B-H groups followed by
transfer of the ligand between the metal centers. As
mentioned above, the=€S distance is not affected by the
variety of the metals or the halides on the metals, indicating
that the coordinated €S groups would be labile. The
flexibility of an eight-membered metallacycle would also be
important for the ligand transfer. Although the liberation of
the M—N or M—H—B interaction in the transition metal Tp
complexes is known, the ligand transfer reaction frorlM p
to the metal halides has not appeared to date. The six-
membered metallacycle in the Jy¥ complexes is less
flexible, and the dissociated pyrazolyl group remains in the

Scheme 1

TmRMCI

TmR-

MCl, + Tmf MCl;

TmR,M

MCI,. The ligand redistribution reaction has been recently
demonstrated for the Tfhcomplexes?

General ProceduresAll reactions and the manipulations
of the transition metal complexes were performed under a
nitrogen atmosphere using standard Schlenk techniques.
Solvents were dried, degassed, and distilled from sodium/
benzophenone ketyl (hexane, ether, THF, toluene), from
CaH; (CH,CI,) or from Mg turnings (MeOH) under nitrogen,
except for CHQ (used as purchased).

The 'H NMR spectra were acquired using a Varian
INOVA-500 spectrometer. The spectra were referenced to
the residual proton resonance of CRdlhe infrared spectra
were recorded using a Perkin-Elmer 2000 Fourier transform
(FT) IR spectrometer or a JASCO A3 spectrometer. Elemen-
tal analyses for C, H, N, and S were performed using a LECO
CHNS-932 elemental analyzer where the crystalline samples
were sealed in silver capsules under a nitrogen atmosphere.
Fast atom bombardment (FAB) mass spectra were obtained
on a JEOL JMS-LCMATE mass spectrometer under a stream
of high energy Xe gas, where 3-nitrobenzyl alcohol was used
as the matrix. UV-vis spectra were measured using a
JASCO V560 spectrometer. X-ray diffraction data were
collected using a Rigaku AFC7R/Mercury charge-coupled
device (CCD) system or a Rigaku AFC7R/ADSC Quantum
1 CCD system equipped with a rotating anode using graphite-
monochromated Mo K radiation. Transition metal halides
and the other reagents were purchased and used without
further purification. The following compounds were prepared
according to the literature procedures: NaF# LiTm®u 7d
and LiTnPh72 Repeated attempts to obtain satisfactory
elemental analysis for (THiFeCl), (n = 1 or 2), [TmeM-
(u-Cl)]2 (M = Mn, Co, Ni), TnP™CI (M = Fe, Mn, Co,

Ni), Tm®BUMnCI, TMA'MCI (M = Co, Ni), TnP"MI (M =

Co, Ni), {B(timi®)3} NiCl, and (Htimi®"),NiCl,, even with

the use of single crystals, were unsuccessful to fit within

the standards, probably due to the contamination of a small
amount of crystal solvent. The crystals used for the elemental
analysis were ground down in a glovebox and left under

reduced pressure prior to sealing in silver capsules.

Synthesis of LiTm™ (Ar = 2,64Pr,CeHs). A mixture of
2,6-diisopropylphenylthiocyanate (29.6 g, 135 mmol) and
NH,CH,CH(OEt), (18.0 g, 135 mmol) in toluene (60 mL)

coordination sphere, whereas the eight-membered rings inwas stirred at room temperature for 3 h. After the addition

the TnR complexes are flexible enough to let the liberated
thioimidazolyl group interact with the external metal ions.
This hypothesis is supported by the fact that®@oBr is

in equlibrium with the dimeric [Ti8",Co,Br] " species, which
has been crystallographically identified as the B&t?2 Such

a dinuclear species with bridging between theRTigands

is a possible intermediate during the reaction ofidivhwith

of concentrated HCI (6.3 mL), the reaction mixture was
refluxed for 12 h to afford a brown solid. The solid was
suspended in water (100 mL), and the solution was neutral-
ized with 0.2 M NaOH. The solid was dissolved into CHCI

(13) Bailey, P. J.; Dawson, A.; McCormack, C.; Moggach, S. A.; Oswald,
I. D. H.; Parsons, S.; Rankin, D. W. H.; Turner, lAorg. Chem2005
44, 8884-8898.
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from a CHCI, solution layered onto hexane at room

solvent was removed under reduced pressure to give a whiteemperature. IR (KBr, crt): 2431 (BH), 1596, 1498, 1366,

crystalline solid. The vacuum-dried 2-mercapto-1-(2,6-di-
isopropylphenyl)imidazole (11.9 g, 34%) is sufficiently pure
to be used in the following stepH NMR (CDCl;, rt, 6):
1.11 (d,J = 7.0 Hz, 6H,Pr), 1.28 (dJ = 7.0 Hz, 6H,Pr),
2.58 (sepJ = 7.0 Hz,'Pr), 6.64 (d,J = 2.0 Hz, 1H, CH),
6.85 (d,J = 2.0 Hz, 1H, CH), 7.27 (dJ = 3.0 Hz, 2H,
m-Ph), 7.45 (tJ = 3.0 Hz, 1H,p-Ph).

To a toluene solution (90 mL) of 2-mercapto-1-(2,6-
diisopropylphenyl)imidazole (10.25 g, 39.4 mmol) was added
LiBH,4 (0.286 g, 13.2 mmol), and the mixture was refluxed
under argon for 12 h. The resulting white solid was collected

1189, 692. FABMS (ChClp), mz 593.1 (IM]" — CI). UV—
Vis (CHCly, rt; Amax, M) (€, x10° M~cm™): 646 (0.69),
446 (0.93), 361 (1.7).

Synthesis of Tnf" FeCl. This compound was prepared by
the method for Tri§“FeClI. LiTm* (0.300 g, 0.376 mmol)
in CH.Cl, (15 mL) was added to a GBI, suspension (20
mL) of anhydrous FeGI(0.190 g, 1.50 mmol) at room
temperature for 4 days. ThitreCl (0.330 g, 99% based on
[TmAT~, 25% based on Feg)l crystals were grown by
layering hexane onto a THF solution at room temperature.
IR (KBr, cm™%): 2409 (BH), 1552, 1468, 1370, 1183, 690.

under air and then washed with ether and dried under aFABMS (CH,Cl,), m/z. 880.5 ([M]"), 845.5 ([M]" — CI).

vacuum to give LiTm" (7.19 g, 77%) as a white solidH
NMR (CDCl, rt, 8): 1.06 (d,J = 6.5 Hz, 18H,Pr), 1.16
(d, J= 6.5 Hz, 18 H,/Pr), 2.56 (sep] = 6.5 Hz, 3H,'Pr),
6.41 (d,J = 2.0 Hz, 1H, CH), 6.68 (dJ = 2.0 Hz, 1H,
CH), 7.20 (d,J = 2.5 Hz, 2H,m-Ph), 7.39 (tJ = 2.5 Hz,
p-Ph). IR (KBr, cn?): 2397 (B-H). Anal. Calcd for
CusHsgNeS3BLI: C, 67.82; H, 7.34; N, 10.55; S, 12.07.
Found: C, 67.78; H, 7.40; N, 10.47; S, 11.96.
Synthesis of (Tn¥eFeCl), (n = 1 or 2). To a stirred
suspension of NaTMf (0.300 g, 0.80 mmol) in CKCl, (30
mL) was added anhydrous FeGD.304 g, 2.40 mmol) at

UV —vis (CHCly, It; Amax NM) €, x10 M~ lcm™): 354
(0.32), 285 (1.5). Anal. Calcd for £HsgNeS:BFeCl: C,
61.33; H, 6.63; N, 9.54; S, 10.92. Found: C, 61.20; H, 6.88;
N, 9.11; S, 11.40.

Synthesis of [Tr"eMn(u-Cl)].. To a stirred solution of
NaTmVe (1.00 g, 2.67 mmol) in MeOH (40 mL) was added
MnCl,4H,0 (0.529 g, 2.67 mmol) at room temperature, and
the mixture was allowed to stir for 1 h. After removal of the
solvent, the product was extracted with £Hp (20 mL) and
the solution was centrifuged. The solvent was removed under
reduced pressure, and the residue was washed repeatedly with

room temperature, and the mixture was then allowed to stir hexane, giving rise to [THfMn(u-Cl)], as a white powder
for 4 days. After the suspension was centrifuged to remove (0.633 g, 54%). Colorless crystals were obtained from aCH

the NaCl and excess Fefthe solvent was removed under

Cl, solution layered onto hexane at room temperature. IR

reduced pressure to afford a green solid. The green solid(KBr, cm™): 2391 (BH), 1562, 1459, 1378, 1205, 681.

was repeatedly washed with hexane, giving rise to\m

FABMS (CHCl), mz 406.5 (1/2[M}" — Cl). UV—vis

FeCl), (n=1 or 2) as a green powder (0.276 g, 78% based (CH.Cly, 1t; Amax NM) (€, x10° M~lcm™): 261 (27.2).

on [TmMe]~, 26% based on Fegl A green crystalline
powder was obtained from a GEl, solution layered onto
hexane. IR (KBr, cm'): 2438 (BH), 1558, 1460, 1377,
1203, 681. FABMS (ChkCl,), m/z 406.9 ([M]" — CI). UV—
vis (CHCly, 1t; Amax NM): (€, x10° M~lcm™Y): 614 (1.3),
406 (2.9), 306 (6.9), 264 (18.6).

Synthesis of Tn¥UFeCl. A 100 mL flask was charged
with FeCh (0.077 g, 0.610 mmol) and LiTf## (0.300 g,
0.610 mmol), and CkCl, (50 mL) was added. The resultant

Synthesis of Tnf“MnCI. A procedure similar to that for
the case of [TiM®Mn(u-Cl)], was used. LiTri¥" (0.227 g,
0.505 mmol) was added to Mng&AH,O (0.100 g, 0.505
mmol) in MeOH (20 mL), and the mixture was stirred at
room temperature for 3 days. T#MnCI was isolated as a
white powder (0.254 g, 89%). A colorless crystalline solid
was obtained from a Ci&l, solution layered onto hexane
at room temperature. IR (KBr, cr): 2411 (BH), 1567,
1481, 1361, 1195, 688. FABMS (GAl,), vz 532.1 (IM]*

dark yellow suspension was stirred for 4 days at ambient — Cl). UV—vis (CHCly, rt; Amax NM) €, x10° M~em™3):
temperature. After the suspension was centrifuged to remove269 (22.0).

LiCl and a small amount of unreacted Fe@hd LiTniBY,

Synthesis of Tn¥"MnCI. Synthesis was as in the case of

the solvent was removed under reduced pressure to afford gTm"eMn(u-Cl)],. To a MeOH suspension (10 mL) of

light brown powder. This solid was repeatedly washed with
hexane, giving rise to T#'FeCl as a light brown powder
(0.330 g, 94%). Light brown crystals were recrystallized from
THF/hexane at room temperature. IR (KBr, Th 2408
(BH), 1567, 1417, 1361, 1195, 687. FABMS (&),
m/z. 568.2 ([M]"), 533.1 ([M]" — ClI). UV—vis (CHCl,,
rt; Amax NM) €, x10° M~cm™1): 421 (0.08), 357 (0.26),
276 (1.0). Anal. Calcd for gH34NeSsBFeCl: C, 44.34; H,
6.02; N, 14.77; S, 16.91. Found: C, 44.34; H, 6.34; N, 14.63;
S, 17.15.

Synthesis of TnThFeCl. The reaction of anhydrous FeCl
(0.070 g, 0.551 mmol) with LiT/ (0.300 g, 0.551 mmol)
in CH.Cl, (60 mL) for 4 days afforded ThFeCl as a dark

LiTmPh (0.275 g, 0.505 mmol) was added Mn@H,O
(0.100 g, 0.505 mmol) in MeOH (10 mL) at room temper-
ature for 4 days. TRMnCl was isolated as a white powder
(0.110 g, 35%). Colorless crystals were obtained from a&CH
Cl, solution layered onto hexane at room temperature. IR
(KBr, cm™): 2420 (BH), 1596, 1498, 1363, 1187, 692.
FABMS (CH,Cly), m'z 592.2 (IM]" — CI). UV—vis
(CH.Cly, 1t; Amax NM) (€, x10° M~1cm™1): 280 (16.7).
Synthesis of Tm"MnCIl. The same procedure as in the
case of [TnYeMn(u-Cl)], was used. To a MeOH solution
(10 mL) of LiTm”" (0.500 g, 0.627 mmol) was added MaCl
4H,0 (0.124 g, 0.627 mmol) in MeOH (10 mL) at room
temperature for 4 days. T"MnCl was isolated as a white

green powder (0.299 g, 86%). Green crystals were obtainedpowder (0.472 g, 86%). Colorless crystals were obtained
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from a CHCI, solution layered onto hexane at room
temperature. IR (KBr, cm): 2413 (BH), 1556, 1469, 1363,
1186, 690. FABMS (ChkClp), mz 844.5 (IM]* — CI). UV—

Vis (CHCly, 1t; Amax M) €, x10 M~lcm™): 271 (28.6).
Anal. Calcd for GsHsgNeSsBMNCI: C, 61.39; H, 6.64; N,
9.55; S, 10.93. Found: C, 61.44; H, 6.51; N, 9.52; S, 10.78.

Synthesis of Tn¥*CoCl. This compound has been
reportec®® The reaction of anhydrous CoQD.205 g, 1.60
mmol) with LiTmMe (0.200 g, 0.534 mmol) in C¥Tl, (40
mL) for 4 days afforded THfCoCl as a light green powder
(0.089 g, 37% based on [Tf]~, 12% based on Cog)l A
green crystalline solid was obtained from a £ solution
layered onto hexane. IR (KBr, ci¥): 2410 (BH), 1562,
1462, 1381, 1203, 683. FABMS (GAl,), vz 410.1 (M]*

— ClI). UV—vis (CH,Cly, 1t; Amax, NM) €, x10® M~lcm™):
697 (1.2), 371 (4.2).

Synthesis of Tn#'CoCl. This is a known compount.
Addition of LiTm'® (0.200 g, 0.407 mmol) to anhydrous
CoCl (0.052 g, 0.407 mmol) in Ckl, (30 mL) was stirred
at room temperature for 4 days. FHCoCl was isolated as

were obtained from a Ci€l,/CH;CN solution layered onto
hexane at room temperature. IR (KBr, chh 2387 (BH),
1560, 1458, 1373, 1207, 683. FABMS (&E,), 'z 409.1
(2/2[M]* — CI). UV—vis (CHCly, 1t; Amax, NM) (€, x1C°
M~lcml): 424 (4.2), 378 (4.3), 331 (4.6), 267 (12.5).
Synthesis of [TneNi(«-Br)] . A procedure similar to that
for the case of [TMeMn(u-Cl)], was used. The reaction of
anhydrous NiBy (2.40 g, 10.7 mmol) with NaTHf (4.00
g, 10.7 mmol) in MeOH (100 mL) fol h afforded [TnYe-
Ni(u-Br)], as a dark brown powder (3.70 g, 71%). Brown
crystals were obtained from a GEl, solution layered onto
hexane at room temperature. IR (KBr, chh 2440 (BH),
1560, 1461, 1376, 1210. FABMS (GéEl,), m/z. 409.1 (1/
2[M]* — Br). UV—vis (CH,Cly, 1t; Amax, NM) (€, x10° M-
cm1): 731 (4.6), 426 (6.7), 363 (7.1), 330 (7.6). Anal. Calcd
for C24H32N125682Ni28r2: C, 29.42; H, 3.29; N, 17.15; S,
19.67. Found: C, 29.66; H, 2.97; N, 17.37; S, 19.89.
Synthesis of Tnf"NiCl. This compound was prepared
using the same procedure described above fo®FeCl.
Addition of LiTmP" (0.300 g, 0.551 mmol) to anhydrous

a green powder (0.180 g, 77%). Green crystals were NiCl, (0.393 g, 1.65 mmol) in CKCl, (50 mL) was stirred

recrystallized from THF/hexane at room temperature. IR
(KBr, cm™): 2410 (BH), 1565, 1481, 1361, 1193, 683.
FABMS (CH.Cl), Wz 563.3 ([M]* — ClI). UV—vis (CHx-
Cly, rt; Amax NM) (€, x10°* M~1cm™): 738 (1.0), 701 (1.3),
665 (0.96), 369 (3.4). Anal. Calcd for,3:NeS;BCoCl:
C, 44.10; H, 5.99; N, 14.69; S, 16.82. Found: C, 43.72; H,
5.90; N, 14.63; S, 16.41.

Synthesis of Tn?"CoCl. Tm""CoCl was prepared by a
procedure similar to that employed for BifreCl. To a CH-
Cl, suspension (10 mL) of LiTH*" (0.210 g, 0.385 mmol)
was added CoGIl(0.150 g, 1.16 mmol) in CkCl, (20 mL)
at room temperature for 4 days. T#@oCl was isolated as
a dark green powder (0.143 g, 59% based onqTm 20%
based on CoG). Green crystals were obtained from a £H

at room temperature for 4 days. TiNiCl was isolated as a
green powder (0.193 g, 55% based on [Tim, 19% based
on NiCL). Green crystals were obtained from a i
solution layered onto hexane at room temperature. IR (KBr,
cm™1): 2431 (BH), 1596, 1498, 1364, 1189, 692. FABMS
(CH:Cl,), Mz 595.2 (M — CI). UV—vis (CHCly, rt; Amax
nm) (e, x10® M~cm™1): 730 (0.38), 640 (0.45), 392 (3.9).
Synthesis of Tnf"NiCl. Synthesis was as in the case of
Tm®BUFeCl. To a CHCI, suspension (10 mL) of LiT#i (4.00
g, 5.02 mmol) was added Nig(4.77 g, 20.1 mmol) in Ch
Cl, (20 mL) at room temperature for 4 days. FiMiCl was
isolated as a yellowish green powder (3.52 g, 79% based on
[TmA~, 20% based on NiG). Yellowish green crystals were
obtained from a CKClI; solution layered onto hexane at room

Cl, solution layered onto hexane at room temperature. IR temperature. IR (KBr, cnmt): 2439 (BH), 1550, 1470, 1371,

(KBr, cm™): 2418 (BH), 1596, 1498, 1367, 1190, 692.
FABMS (CH.Cl,), Wz 596.2 ([M]* — CI). UV—vis (CHx-
Cly, 1t; Amax M) €, x10° M~tcm1): 740 (0.63), 702 (0.85),
663 (0.64), 371 (2.2), 279 (7.9).

Synthesis of Tnf"CoCl. A similar procedure as that for
Tm®YFeCl was used. The reaction of anhydrous GGZB0O
g, 2.31 mmol) with LiTm" (0.614 g, 0.770 mmol) in CH
Cl, (30 mL) for 4 days afforded THMCoCl as a light blue
powder (0.375 g, 55% based on [TijT, 18% based on
CoCl). Blue crystals were obtained from a g, solution
layered onto hexane at room temperature. IR (KBr; m
2440 (BH), 1558, 1471, 1369, 1183, 690. FABMS (£H
Cly), Mz 848.5 ([MI" — CI). UV—vis (CHCl,, rt; Amax
nm) (, x 10 M~1cm™1): 738 (0.10), 701 (0.14), 665 (0.09),
369 (0.35).

Synthesis of [TmeNi(z-Cl)].. This compound was
prepared using a procedure similar to that adopted foMfFm
Mn(u-Cl)]2. To a CHCI, solution (20 mL) of NaTrie (0.300
g, 0.801 mmol) was added anhydrous Ni(®.572 g, 4.15
mmol) in CHCI; (20 mL) at room temperature for 4 days.
[TmMeNi(u-Cl)], was isolated as a green powder (0.065 g,
18% based on [THf]~, 3.5% based on Nig). Green crystals

1190, 690. FABMS (ChkCl,), m/z 882.4 ([M]), 847.4
(IM]* = CI). UV—vis (CH,Cly, rt; Amax M) €, x10° M~2-
cm™1): 450 (0.19), 384 (0.67), 284 (2.6).

Synthesis of Tnif'Fel. To a stirred solution of Tif-
FeCl (0.150 g, 0.284 mmol) in THF (20 mL) was added
Nal (0.047 g, 0.312 mmol) at room temperature, and the
mixture was allowed to stir for 3 h. The solution immediately
turned to a reddish brown suspension. After it was centri-
fuged to remove NaCl, the solvent was removed under
reduced pressure to afford a brown solid. The brown solid
was washed repeatedly with hexane and ether to affof#*Tm
Fel as a brown powder (0.175 g, 93%). Brown crystals were
obtained from a CkClI, solution layered onto hexane at room
temperature. IR (KBr, crt): 2424 (BH), 1565, 1481, 1361,
1195, 692. FABMS (CHCI,), Mz 534.3 ([M]" — 1). UV —

Vis (CHCly, 1t; Amax, M) (€, x10° M~cm™): 361 (10.7),
286 (29.5). Anal. Calcd for £H3/NeSsBFel: C, 38.20; H,
5.19; N, 12.73; S, 14.57. Found: C, 38.09; H, 5.32; N, 12.63;
S, 14.08.

Synthesis of Tnf"Fel. This compound was prepared by
the method for Ti#'Fel. To a THF solution (10 mL) of
Nal (0.098 g, 0.655 mmol) was added TeCl (0.412 g,
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0.655 mmol) in THF (20 mL) at room temperature for 3 h.

TmP"Fel was isolated as a dark green powder (0.304 g, 64%).

Green crystals were obtained from a £} solution layered
onto hexane at room temperature. IR (KBr, dn 2431
(BH), 1556, 1496, 1359, 1189, 692. FABMS (gE,),
m/'z. 593.2 ([MJ" — I). UV —vis (CHCly, rt; Amax NM) (€,
x10° M~lcm™): 646 (2.1), 446 (4.8), 290 (16.9). Anal.
Calcd for G/H2oNgS:BFel: C, 45.02; H, 3.08; N, 11.67; S,
13.36. Found: C, 44.75; H, 3.09; N, 11.68; S, 13.03.

Synthesis of Tnf"Fel. The same procedure as in the case
Tm®UFel was used. To a THF suspension (10 mL) of Nal
(0.034 g, 0.227 mmol) was added TtieCl (0.200 g, 0.227
mmol) in THF (20 mL) at room temperature for 3 h. Fm
Fel was isolated as a dark yellow powder (0.122 g, 55%).
Yellow crystals were recrystallized from THF/hexane at room
temperature. IR (KBr, cm): 2424 (BH), 1553, 1470, 1366,
1184, 689. FABMS (ChCl,), Mz 845.4 (M — I). UV —
vis (CHCly, rt; Amax NM) (€, x10° M~1cm™): 341 (4.1).
Anal. Calcd for GsHsgNeSsBFel: C, 55.56; H, 6.01; N, 8.64;
S, 9.89. Found: C, 55.33; H, 6.05; N, 8.39; S, 9.61.

Synthesis of Tn®'Mnl. Tm®'Mnl was prepared by a
procedure similar to that employed for Ttiel. Addition
of Nal (0.053 g, 0.353 mmol) to THMnCI (0.200 g, 0.352
mmol) in THF (20 mL) was stirred at room temperature for
1 day. Tn“Mnl was isolated as a white powder (0.220 g,
95%). Colorless crystals were obtained from a,CH
solution layered onto hexane at room temperature. IR (KBr,
cmY): 2414 (BH), 1567, 1481, 1361, 1195, 686. FABMS
(CH.Cl,), Mz 532.3 ([MI" — I). UV —vis (CH,Cly, rt; Amax
nm) (€, x10° M~lcm™): 274 (19.4). Anal. Calcd for
C21H34NeSsBMNI: C, 38.25; H, 5.20; N, 12.75; S, 14.59.
Found: C, 38.12; H, 5.29; N, 12.46; S, 14.86.

Synthesis of Tn¥"Mnl. A similar procedure as that for
Tm®BUFel was used. The reaction of TivInCl (0.218 g,
0.384 mmol) with Nal (0.058 g, 0.384 mmol) in THF (20
mL) for 1 day afforded T#Mnl as a white powder (0.257
0, 93%). Colorless crystals were obtained from a,Chl
solution layered onto hexane at room temperature. IR (KBr,
cml): 2422 (BH), 1594, 1498, 1367, 1189, 692. FABMS
(CH.Clp), Mz 592.2 (IM]" — I). UV —vis (CHCly, 1t; Amax
nm) (e, x10® M~cml): 278 (13.2). Anal. Calcd for
CoH22NeSsBMNI: C, 45.08; H, 3.08; N, 11.68; S, 13.37.
Found: C, 44.79; H, 3.27; N, 11.56; S, 12.90.

Synthesis of Tnf"Mnl. This compound was prepared
using a procedure similar to that adopted for®el. To
a THF solution (10 mL) of Nal (0.125 g, 0.831 mmol) was
added Tm"MnCl (0.472 g, 0.536 mmol) in THF (10 mL)
at room temperature for 1 day. Tivinl was isolated as a
white powder (0.395 g, 76%). Colorless crystals were
recrystallized from THF/hexane at room temperature. IR
(KBr, cm™): 2435 (BH), 1560, 1471, 1369, 1187, 690.
FABMS (CH.Cl,), mzz 844.5 ([M]t — 1). UV —vis (CHy-
Cly, 1t; Amas, NM) €, x 13 M~1cm™): 275 (28.5). Anal. Calcd
for CasHseNeSsBMNI: C, 55.62; H, 6.02; N, 8.65; S, 9.90.
Found: C, 55.73; H, 6.36; N, 8.54; S, 9.61.

Synthesis of Tn#'Col. This compound was prepared
using the same procedure described above fof*"Fal.
Addition of Nal (0.052 g, 0.350 mmol) to TRYCoCI (0.200

9922 Inorganic Chemistry, Vol. 45, No. 24, 2006

Senda et al.

g, 0.350 mmol) in THF (30 mL) was stirred at room
temperature for 3 h. TH#Col was isolated as a light yellow
powder (0.216 g, 93%). IR (KBr, cnd): 2411 (BH), 1595,
1498, 1363, 1186, 692. FABMS (GAl,), m'z 536.3 ([M]*

— 1). UV —vis (CHCly, rt; Amax NmM) €, x10° M~tcm™Y):
758 (0.98), 740 (0.91), 695 (0.78), 393 (2.5). Anal. Calcd
for C;1Hz4NeSBCol: C, 38.02; H, 5.17; N, 12.67; S, 14.50.
Found: C, 37.85; H, 5.36; N, 12.31; S, 14.29.

Synthesis of Tnf"Col. The same procedure as in the case
of Tm®YFel was used. To a THF suspension (10 mL) of
Nal (0.034 g, 0.226 mmol) was added Ti@oCl (0.143 g,
0.226 mmol) in THF (20 mL) at room temperature for 3 h.
TmPhCol was isolated as a green powder (0.075 g, 46%).
Green crystals were obtained from a £CH} solution layered
onto hexane at room temperature. IR (KBr, &n 2436
(BH), 1595, 1498, 1366, 1190, 690. FABMS (gtl,),

m/'z. 596.2 ([MJ" — I). UV —vis (CH,Cly, rt; Amax, M) (€,
x10® M~1cm™): 761 (1.0), 730 (0.86), 694 (0.65), 393 nm
(2.5).

Synthesis of Trf"Col. A similar procedure as that for
Tm®UFel was used. The reaction of Tf@oCl (0.164 g,
0.185 mmol) with Nal (0.028 g, 0.185 mmol) in GEll, (40
mL) for 3 h afforded TmM'Col as a light yellowish green
powder (0.136 g, 75%). Yellowish green crystals were
obtained from a CKClI; solution layered onto hexane at room
temperature. IR (KBr, crt): 2436 (BH), 1553, 1470, 1366,
1185, 690. FABMS (CHCI,), m/zz 848.5 ([M]™ — 1). UV —

Vis (CHCly, rt; Amax M) (€, x10° M~1cm™): 759 (0.11),
406 (0.92), 269 (17.2). Anal. Calcd forgissNsS:BCol: C,
59.63; H, 7.55; N, 7.32; S, 8.38. Found: C, 59.43; H, 7.57;
N, 7.06; S, 7.89.

Synthesis of Tnf"Nil. Synthesis was as in the case of
Tm®BUFel. Addition of Nal (0.052 g, 0.348 mmol) to T
NiCl (0.200 g, 0.317 mmol) in THF (60 mL) was stirred at
room temperature for 3 h. T#Nil was isolated as an orange
powder (0.198 g, 86%). Orange crystals were obtained from
a CHCI; solution layered onto hexane at room temperature.
IR (KBr, cm™1): 2413 (BH), 1554, 1469, 1367, 1183, 690.
FABMS (CHCly), Mz 595.2 ([M]* — I). UV —vis (CHx-

Cly, rt; Amax M) €, x10° M~cm™1): 784 (0.35), 699 (0.45),
411 (4.8).

Synthesis of T Nil. This compound was prepared by
the method for Trff'Fel. To a THF solution (10 mL) of
Nal (0.034 g, 0.226 mmol) was added TiNiCl (0.200 g,
0.226 mmol) in THF (10 mL) at room temperature for 3 h.
TmA'Nil was isolated as an orange brown powder (0.153 g,
69%). Orange crystals were recrystallized from THF/hexane
at room temperature. IR (KBr, cr): 2435 (BH), 1551,
1471, 1369, 1187, 689. FABMS (GAl,), mz 848.5 (IM]*

— ). UV—vis (CHCly, rt; Amax, NM) (€, x10° M~lcm™2):
402 (4.8), 273 (32.2). Anal. Calcd for,6ssNeS:BNil: C,
55.40; H, 5.99; N, 8.61; S, 9.86. Found: C, 55.47; H, 6.01;
N, 8.37; S, 9.47.

Formation of {B(timi®V)3} NiCl from NiCl , and LiT-
m®Y. To a stirred solution of LiTr%" (0.200 g, 0.412 mmol)
in CH,CI, (25 mL) was added anhydrous NyJ00.053 g,
0.412 mmol) at room temperature, and the mixture was
allowed to stir for 2 days. The solution immediately turned
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Table 4. Crystallographic Data for the Complexes Refined by TEXSAN or Crystals

[TmMeMn(u-Cl)], TmPMnCI-3CH,Cl, TmA"MnCI-4.5CHCl, TmPhFeCF3CH,Cl, TmA"FeCH0.5(CHgO)
formula C12H15N633C|Mn C27H22N6&BC|MI‘\'3CHQC|2 C45H53N6835C|Mn'4.5CHZC|2 C27H22N6&BC|F93CH2C|2 C45H53N583BC|F90.5C1H80
fw 441.68 882.69 1260.56 883.60 917.34
crystal system monoclinic trigonal _trigonal _trigonal _ triclinic
space group P2i/c P3cl P1
a(A) 10.087(2) 15.083(8) 19.501(4) 15.0294(4) 9.877(1)

b (A) 10.001(2) 13.615(2)
c(A) 19.205(5) 29.75(2) 19.687(4) 29.929(1) 18.340(2)
o (deg) 95.185(3)
f (deg) 103.169(3) 95.765(1)
o (deg) 97.082(2)
V (A3 1886.5(7) 5861(5) 6483.5(2) 5854.7(3) 2421.7(5)
z 4 6 4 6 2
Deatcd (9/CTP) 1.555 1.500 1.291 1.504 1.258
u(ecm™) 11.80 10.07 7.48 10.56 5.35
Fooo 900 2682 2608 2760 972
max 2 (deg) 55.0 62.3 55.0 55.1 55.1
no. of reflections
collected 14854 17571 51205 21228 10839
indep 4301 3836 4966 2999 10391
no. of observations 4288 p Oco(1)] 2418 > o(l)] 150211 > o(l)] 29551 > 0o(l)] 10391 | > 0u(1)]
no. of variables 217 149 205 145 534
GOF indicatot 1.00 2.09 1.31 2.71 1.53
Re 0.038 0.057 0.067 0.089 0.053
Rwf 0.044 0.083 0.096 0.116 0.059
Tm®BUCoCk1.5GHO TmP"CoCk3CH,Cl, TmA"CoCl4.5CHCl, [TmMeNi(x-Cl)]2 [TmMeNi(u-Br)]»
formula G1H34NgS:BCICo-1.5GHgO Co7H2oNgS:BCIC0o-3CH,Cl, CysH58NeS3BCIC0-4.5CHCI, C1oH16NsS:BCINI C1oH16NeS:BBrNi
fw 680.08 886.69 1264.55 445.44 489.89
crystal system trigonal trigonal _trigonal monoclinic monoclinic
space group R3c P3cl P2/n P2,/n
a(h) 13.469(3) 15.026(1) 19.5212(4) 9.676(4) 9.7934(7)
b (A) 13.022(5) 13.1652(4)
c(A) 64.02(1) 29.712(3) 19.4927(4) 14.899(6) 14.8919(2)
o (deg)
£ (deg) 102.916(5) 102.9534(5)
7 (deg)
V (A3 10058(4) 5809.6(9) 6433.0(2) 1829(1) 1871.2(1)
VA 12 6 4 4 4
Deatcd (g/CITP) 1.347 1.521 1.306 1.617 1.739
wu(em™?) 8.108 11.19 8.15 15.56 35.21
Fooo 4308 2694 2616 912 984
max 2 (deg) 55.0 55.0 55.0 55.0 55.1
no. of reflections
collected 25587 15187 75986 14089 4026
indep 2576 2949 4944 4137 3498
no. of observations 2570 B 0o(1)] 2896 | > 0o(1)] 4717 [| > 0o(1)] 3365 [ > 30(l)] 34981 > 30(l)]
no. of variables 120 145 205 217 217
GOF indicatot 0.861 2.05 1.88 1.38 1.11
Re 0.062 0.089 0.086 0.035 0.030
Rwf 0.097 0.100 0.091 0.047 0.039
TmPNICI-3CH,Cl, TmA'NICl-4.5CHCl, TmPMnI-3CH,Cl, TmA'Fel0.5CHO TmP"Col-3CH,Cl,
formula Cz7H22N553BC|NI'3CH2C|2 C45H58NGSQBC|NI'4SC|‘kC|2 C27H22N6338Mnl-3CH2CI2 C45H58N5%BFG|'O.5QH80 C27H22NGS3BCO|'3CH2C|2
fw 886.45 1264.32 968.09 1008.79 978.14
crystal system trigonal trigonal _trigonal _triclinic _trigonal
space group R3 P3cl R3 P1 R3
a(h) 14.973(4) 19.5220(5) 15.052(2) 10.167(5) 15.010(1)
b (A) 13.547(7)
c(A) 29.775(8) 19.6676(3) 30.392(4) 18.242(9) 30.252(4)
o (deg) 94.51(1)
f (deg) 95.393(8)
y (deg) 97.788(8)
V (A3 5780.(3) 6391.3(2) 5962(1) 2467(2) 5902(1)
z 6 4 6 2 6
Deatcd (g/CTP) 1.528 1.294 1.617 1.358 1.651
u(cm™) 11.82 8.42 17.00 10.97 18.18
Fooo 2700 2620 2862 1044 2910
max 2 (deg) 55.0 54.9 54.9 55.0 55.0
no. of reflections
collected 15348 9467 16242 19787 15054
indep 2935 4956 3047 10787 3001
no. of observations 2932 B 0o(1)] 3898 [I > 3o(l)] 16111 > 30(1)] 10679 [ > Oo(1)] 2997 1 > 0o(1)]
no. of variables 210 206 161 520 145
GOF indicatot 1.34 4.31 1.14 151 1.17
Rp 0.057 0.062 0.052 0.078 0.067
Rwe 0.085 0.086 0.074 0.079 0.067
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TmA'Col-4.5CHCl,

TmA'Nil-0.5GHO

(HEmI®Y),NiCl

{B(timi®®¥)5} NiCl-2CH,Cl,

formula

fw

crystal system
space group
a(h)

b (A)

c(A)

o (deg)

B (deg)

v (deg)

V (A3)

A

Dcalcd (g/cm3)

u(cm™)

Fooo

max ¥ (deg)

no. of reflections
collected
indep

no. of observations

no. of variables

GOF indicatot

Re

Rw

Q5H53N6&BC|CO‘45C%C|2
1356.00
trigonal
P3cl
19.5001(5)

20.0779(8)

6611.8(4)
4

1.362
12.20
2760
55.0

5014 f 0o(1)]
205

1.80
0.081
0.098

C45H58N6%|Ni 'OSQHgO
1011.64
triclinic
P1
10.183(7)
13.571(7)
18.114(9)
94.90(1)
95.120(8)
98.155(9)
2456.0(1)
2
1.368
11.90
1048
55.0

20092
10794

10588 | > 0o(1)]
533

1.13
0.044
0.048

Ci14H22N4SCloNi
442.10
monoclinic

C2lc
16.76(1)

8.575(5)
16.70(1)

125.169(6)
1961(2)

4
1.497
14.77

920
55.0

2198 [ > 0o(1)]
105

0.95
0.032
0.043

C21H33N6%BC|Ni'2CH2C|2
741.55
monoclinic
P21/n
13.935(6)
15.718(6)
15.801(7)

107.145(5)
3307(2)

4
1.489
12.05

1536
55.0

5256 [| > 00(l)]
352

1.83
0.050
0.075

aGOF = [Zw(|Fo| — [Fcl)?(No — Np)]¥2, whereN, andN, denote the number of data and parameteRs= X||Fo| — |F¢||/Z|Fo| (observed reflections).

CRw = [{ZW(|Fo| — |Fc|)3/ZWF,4 Y2 (observed reflections).

to a green suspension. After it was centrifuged to remove Taple 5. Crystallographic Data for the Complexes Refined by

LiCl (and unreacted NiG), the solvent was removed under

SHELX-97

reduced pressure to afford a dark green solid, which was TmBUFeCtL.5GHO  TmBuFel  TnP™Nil-3CH,Cl,
washed repeatedly with hexane to yiglB(timi®®¥)3} NiCl formula GiuHaNeSBCIFe  CoiHaNeS:BFel  CoHasNSsINi-
as a green powder (0.162 g, 69%). Green crystals were 1.5GHs0 3CHLCl
. ; 675.98 660.28 977.90
obtained from a CkCl; solution layered onto hexane at room  ¢rystal system trigonal trigonal trigonal
temperature. IR (KBr, cm): 1560, 1452, 1371, 1192, 683. sp(zc;e group R3c © Rac () R3 -
. _ i a 13.4412(5 13.486(3 14.897(7
FABMS (CH,Cl,), Mz 534.2 ([M]" — Cl). UV—vis (CH,- A 6.3650) 66 7201 303401
Cly, 1t; Amax M) (€, x10° M~IcmY): 612 (0.40), 459 (1.9), v (A3 10071.1(7) 10519(5) 5842(5)
342 (4.0). In this reaction, a small amount of (Htf)j- 4 12 12 6
. . : . .. Deaica(g/cn®) 1.337 1.251 1.668
NiCl> was also obtained as green crystals. This was identified , ) 7.47 15.06 18.94
by comparison of the spectral data with the authentic sample Fooo 4284 4008 2916
prepared from the reaction of NiCand HtimiBu, max @ (deg) %0 55.0 55.0
Reaction of NiCl, with tert-Butyl Thioimidazole collected 25445 26518 14999
(Htimi BY), A 100 mL flask was charged with Nig{0.020 no"(‘)ff’ep 225775 22(;5;’: 225322
g, 0.159 mmol) and Htinfi* (0.050 g, 0.319 mmol), and  opservations
CH,ClI, (25 mL) was added. The resultant green suspension no. of 119 101 149
. . variables
was stirred for 1 day at ambient temperature. After the corindicatot  2.11 238 1.38
suspension was centrifuged to remove a small amount ofR° 0.066 0.085 0.078
0.242 0.293 0.203

unreacted NiG| the solvent was removed under reduced WRZ

aGOF= [Zw(|Fe? — [FI)%(No — Np)]¥2, whereN, andN, denote the
number of data and parametetR = ||Fo| — |F||/Z|Fo| (I > 00(1)).c WR2
= [{SW(Fe2 — FA)Z/EW(FA)ZM2 (all data).

pressure to afford a light green powder. This solid was
repeatedly washed with hexane, giving rise to (HtH-
NiCl, as a light green powder (0.053 g, 75%). Green crystals
were obtained from a C}I, solution layered onto hexane
at room temperature. IR (KBr, cr®): 3347 (NH), 1571,
1471, 1453, 1372, 1322, 1216, 684. FABMS (), m/z:
405.1 ([M]J" — CI). UV~ vis (CH,Cly, t; Amax NM) €, x 10°
M~lcm™1): 432 (1.0), 342 (3.6), 319 (2.2), 267 nm (20.6).

X-ray fluorescence microanalysis. It was also identified by
a crystallographic study using dark green crystals obtained
from CH,Cl, and hexane.

X-ray Crystal Structure Determination. Crystal data and
refinement parameters for the structurally characterized

Reaction of TmP",Fe with FeCl,.. To a CHCI, solution complexes are summarized in Table 4. Single crystals were
(50 mL) of TnfhFe (0.594 g, 0.525 mmol) was added coated with oil (Immersion Oil, type B: Code 1248, Cargille
anhydrous FeGI(1.33 g, 10.5 mmol), and the suspension Laboratories, Inc.) and mounted on loops. Diffraction data
was stirred for 12 h. After centrifugation to remove excess were collected at-80 °C under a cold nitrogen stream on a
FeCl, the solvent was removed under reduced pressure. TheRigaku AFC7R/Mercury CCD system or a Rigaku AFC7R/
green residue was washed repeatedly with hexane and etheADSC Quantum 1 CCD system by using graphite-mono-
to give a dark green powder of THreCl (0.525 g, 80%), chromated Mo K radiation ¢ = 0.710690 A). Four
which was identified by means of an infrared spectrum and preliminary data frames were measuredvat= 0, 30, 60,
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and 90, each with a 0.5increment ofw, to assess the crystal  positions with 5:3:2 occupancy factors). As for TNiCl-
quality and preliminary unit cell parameters. The intensity 3CH,Cl, and Tn¥Nil -3CH,Cl,, anisotropic refinement could
images were also measured at’drervals ofw. The frame not assign hydrogen atoms on &Hb. A residual density
data were integrated using an MSC d*TREK program observed in the T complexes of Mn, Fe, and Co was
package (Quantum 1 CCD) or a Rigaku CrystalClear most likely attributed to the disordered @El, over six
program package (Mercury CCD), and the data sets werepositions. It was not easy to determine and was not assigned
corrected for absorption using a REQAB program. The any atoms. THMnCl-4.5CHCl,, TmA"CoClk4.5CHCl,
calculations were performed with a TEXSAN program TmANiCl-4.5CHCl,, and Tm"Col-4.5CHClI, contained two
package for [TrifeMn(u-Cl)]o, TmPMnCIl-3CH,Cl,, Tr'- kinds of CHCI, (1.0 and 0.5 occupancy factors) as a crystal
MnCI-4.5CHCl,, TmPFeCF3CH,Cl,, Tm*"FeCt0.5GHsO, solvent, and no hydrogen atoms were assigned on G:5CH
TmP'CoCk3CH,Clp, TMACoCk4.5CHCl,, [TmMeNi(u-Cl)], Cl,. Tm®Fel included residual density, but it was hard to
[Tm"*Ni(u-Br)]2, T NiCI-4.5CHCl,, TmPMnl-3CH,Cly, assign any atoms. The crystal solvent THF inTFeCt
TmA"Fel0.5GHO, TnP"Col-3CH,Cl,, T Col-4.5CHCl>, 1.5CHsO, TM'FeCH0.5(CHgO), TmBUCoCk1.5CGH:O,
TmA'Nil -0.5CHgO, (Htimi®¥),NiCl,, and{ B(timi®®)s} NiCl- TmA"Fel-0.5(CHsO), and Tm"Nil -0.5(C;HgO) was disor-
2CH,Cl,. The structures were solved by a direct method gereq over two positions with 1:1 occupancy factors. The
(SIR92 or SHELX-97) or Patterson methods (DIRDIF94 THE solvents in Tr#“CoCF1.5GHsO and Tri"Fel-0.5-
PATTY) and were refined by full-matrix Ieast-squares (C4H80) were refined as a rlgld group. The iodide Ilgand in
(TEXSAN) on |F|. Tm®FeCt1.5GHsO, Tnt**CoCk TmA"Nil -0.5(C;HgO) was disordered over two close positions

NiCl- B il «
1.5GHLO, Tnt N'C.I 3CH2.C|2’ TmFel, and TriNil with 9:1 occupancy factors. Additional data are available as
3CH.CI, were studied using a CrystalStructure crystallo- Supporting Information

graphic software package and were solved by direct methods

using SHELXS-97. The structures of THCoCF1.5GHgO Acknowledgment. This research is supported by a Grant-
and Tn?"NiCl-3CH,CI, were refined by full-matrix least-  jn-Aid for Scientific Research (No. 14078211 and 17036020)
squares (Crystals) offf|. Tm®FeCk1.5GHsO, Tn®Fel,  from the Ministry of Education, Culture, Sports, Science,
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