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The new molybdenum nitridethiolate complex EMo(SAd); (Ad = 1-adamantyl) was prepared by a ligand
exchange route involving reaction of Ti(SAd)fD); with Chisholm’s nitride-butoxide complex EEMo(O'Bu)s.

In an effort to abstract the nitrido nitrogen fron=Wo(SAd)s, the compound was treated with Mo(RI{i]Ph);,

a three-coordinate molybdenum(lll) complex. This resulted in formation of the unusual and thermally unstable
(u-nitrido)dimolybdenum complex (Adg&Ylo(u-N)Mo(N['Bu]Ph), which was isolated and characterized. An X-ray
study revealed (AdgMo(u-N)Mo(N['Bu]Ph) to possess an unsymmetrical M@:-N)—Mo linkage, the Me-
thiolate fragment exhibiting a substantially longer bond to the bridging nitrogen atom. The structure agMAdS)
(u-N)Mo(N['Bu]Ph) is noteworthy, displaying trigonal monopyramidal coordination at th&ly—Mo—thiolate
Mo center. Since EMo(N['Bu]Ph) is a good leaving group, (Ad$)lo(«-N)Mo(N['Bu]Ph) should be a source
of the reactive Mo(SAd)fragment. In all the studied reactions of ther{itrido)dimolybdenum complex one of
the observed products wassWo(N['Bu]Ph). Two products containing the Mo(SAgdragment were observed:
(AdS)Mo=Mo(SAd); and [(ON)Mog-SAd)(SAd)].. Upon treatment with pyridine, the tris(thio-1-adamantyl)-
(nitrosyl)molybdenum dimer forms the pyridine adduct (A¢M(NO)(py), which is a monomer.

1. Introduction (N['Bu]-Ph) (1) and related derivatives as N-atom abstractors.
In one manifestation Chisholm’s nitrieidoutoxide complex ke

- Mo(O'Bu); (2) provided access to the molybdenum(lll) tris-
N-tert-butylanilide complexe; of mplybdenum(lll) has promptgd (butoxide) fragment “Mo(@u)s", which underwent dimeriza-

us to search for other ancillary ligands capable of supporting tion or gave rise to hichemistry, depending on the conditichs.
such chemistry. Thiolate ligands are attractive in this context A second manifestation involv;ed the use GEMo(NMey)s as
because Methiolate linkages should be generally less suscep- an N-atom donor, chemistry resulting in the characterization of

tible to protolytic rupture than Meamido linkages.Protolytic N-atom bridged dimolybdenum complexes, intermediates in the
stability is desirable for the eventual development gfiidlitting N-atom transfer proces8 '

f’g’StﬁmS thfat functlct>|n n Lhe present:ebgf anlslfe?.a(;'ﬁsi '[hus The present work was undertaken with the specific goal of
ec ?SS of (presen ty un ntct)wn%.mo y ti?ntl'Jm(h )” ris(thiola de) aining access to the “Mo(SAgl\Ad = 1-adamantyl) fragment
compiexes represents an attractive synthetic chaflenge, and on y N-atom abstraction from the corresponding nitrido derivative

which furthermore eVOkeS the Mg$noiety of the FeMo-co N=Mo-(SAd); (3). Accordingly we report on the synthesis and
component of the nitrogenase enzyrfies. . characterization of the new molybdenum nitrictbiolate N=
Examples of Mg(SR); complexes have been uncovered in - \1oS5ad), (3) and describe the reaction ®fvith azophilic Mo-
the course of the maturation of MWIO triple bond chemistry. (N['BUJPh) (1). The unsymmetricali-nitrido)dimolybdenum
One would therefore not expect simple Mo($Rymplexes to complex (AdSiMo(u-N)Mo(N['Bu]Ph); (4) was isolated, and
persist in monomeric form. Carefully designed thiolate ligands ;5 chemical properties were studied. The attemps to break the
likely will be required to stabilize the monomeric form of such nitrido—Mo(SAd); bond lead to the formation of compounds
complexes.Nevertheless, it has been shown recently that accesse,paining the Mo(SAd)fragment. In this context, (Adgylo=

to sterically unencumbered, three-coordinate molybdenum(lil) Mo(SAd); (5) and [(ON)Mof:-SAd)(SAdY] (6) were prepared.
fragments (perhaps as transients) is available through N-atom

abstraction chemistry. Such reactions utilize the azophilic Mo- 2. Experimental Procedure

The recent discovety of dinitrogen reductive cleavage by

(1) Laplaza, C. E.; Cummins, C. Gciencel995 268 861 2.1. General ConsiderationsUnless stated otherwise, all operations
2) Laglaza’ C. E. Johnson. M. J. A.: Peters. J. C.- Odom. A. L.: Kim. Were performed in a Vacuum Atmospheres drybox under an atmosphere

E.; Cummins, C. C.; George, G. N.; Pickering,JIl.J. Am. Chem. of purified nitrogen or using Schlenk techniques under an argon

Soc.1996 118 8623. atmosphere. Anhydrous diethyl ether was purchased from Mallinckrodt;
(3) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryiley: pentane,n-hexane, and tetrahydrofuran were purchased from EM

New York, 1988. Science. Diethyl ether, toluene, benzene, pentanendrekane were

(4) Chan, M. K.; Kim, J. S.; Rees, D. Gciencel993 260, 792.

(5) Sellmann, DAngew. Chem., Int. Ed. Engl993 32, 64.

(6) Deng, H.; Hoffmann, RAngew. Chem., Int. Ed. Endl993 32, 1062.
(7) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal Atoms; (9) Laplaza, C. E.; Johnson, A. R.; Cummins, C.JCAm. Chem. Soc.

dried and deoxygenated by the method of GrubBigHF was distilled

Oxford University Press: New York, 1993. 1996 118 709.
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under nitrogen from purple sodium benzophenone ketyl. Distilled see section 2.3) in toluene (14 mL) was added dropwise via pipet a
solvents were transferred under vacuum into bombs before being cold toluene solution of Mo(NBu]Ph) (1, 0.274 g, 0.508 mmol, 1
pumped into a Vacuum Atmospheres drybox. TM@Svas degassed equiv). The mixture was allowed to warm to 2&, during which

and dried ove4 A sieves. Benzonitrile was degassed, dried over 4 A process its color changed from orange to dark green. Approximately
sieves, and filtered through activated alumina prior to us®s@nd 15 min after reaching 25C, volatile components were removed from
pyridine-ds were purchased from Cambridge Isotopes and were degassecthe mixture in vacuo. The solid thereby obtained was recrystallized
and dried ove4 A sieves. Tk 4 A sieves, alumina, and Celite were  from n-hexane at-35 °C, giving 225 mg of puret as a black powder
dried in vacuo overnight at a temperature just above 200 (38% yield). Anal. Calcd for gHg/NsSsMoz: C, 62.53; H, 7.61; N,
1-Adamantanethid? Mo.Clg(dme}*® (7), N=Mo(O'Bu);'4 (2), and Mo- 4.86. Found: C, 62.99; H, 7.88; N, 4.5H NMR (300 MHz, GDs,
(N['Bu]Ph)? (1) were synthesized according to literature procedure. 25 °C): ¢ = 8.09 Avi, = 25 Hz), 6.78 Avy, = 18 Hz), 6.52
Ti(Cl)(O'Pry; was purchased from Aldrich and was used without further  (Av,;, > 150 Hz), 5.76 fvy, = 30 Hz), 4.84 vy, = 131 Hz), 3.41
purification. Other chemicals were used as received. Solution infrared (Av,, = 129 Hz), 1.96 Avy, = 15 Hz), 1.80 fvy, = 11 Hz). UV—
spectra were recorded on a Perkin-Elmer 1600 Series FTIR using KBr vis (hexanes): 497 nme (= 4041), 560 nm{ = 3627), 650 nm{ =
plates. Cyclic voltammetry measurements were collected with the 3602), 841 nmd = 3469). SQuID solid-state magnetic susceptibility
assistance of a Eco-Chemie Autolab potentiostat (pgstat20) and thedata obtained as reported previouslys; = 1.69(2)us; © = —0.03-
GPES 4.3 softwaréH and*3C NMR spectra were recorded on Varian  (14) K; Zip = 105(2) x 1072 R for least-squares fit of<°" vs T plot
XL-300 or Varian Unity-300 spectrometers at room temperature. from 5 to 300 K, 0.997 51 (magnetic fietld 1000 G). The data were
Chemical shifts are reported with respect to internal solvent: 7.15 ppm corrected for diamagnetism using Pascal’s constants and background
?;‘d112238§>78 ((t))ppm (6(136);_3:7;;)7-(5:8'_]’\7‘-22 plpmi and 150-35f (), 11;5591 from a similar run without sample.

t), . p) ppm (pyridinels). analyses were performed by . )

Microlytics, South Deerfield, MA, Canadian Microanalytical Service (202(.)5r.ng, rg?laggtlrzrrlngﬁ [1((222?\/'/;) &ai':?s)gegﬁ]izn(?czl.ucégzl(cgj rr:,]df) ina

Ltq‘ D_eeta, Canada, and H. Kolbe Mikroanalytisches Laboratorium, septum-capped Schlenk flask. Nitric oxide gas (4.4 mL, 0.180 mmol,
Muilheim ah der Ruhr,. Germapy. ! ) 1 equiv, 1 atm, 25C) was added via syringe over the magnetically-
2.2. In-Situ Generation of Ti(SAd)(OPr)s (8). 1-Adamantanethiol  stjrred solution. A gradual color change from green-brown to brown-
(21.80 g, 0.130 mol, 1 equiv) was dissolved in pentane (100 mL) in & yellow over 25 min was observed. After the mixture was stirred for a
500 mL round-bottom flask. The solution was cooled to near freezing total of 40 min, volatile material was removed in vacdsl. NMR
in an externally-cooled cold well inside a drybox. The mixture was spectra of the crude reaction mixture revealed the presence=bfoN
stirred magnetically, and-butyllithium (81 mL of a 1.6 M solution in (N['Bu]Ph)s (9) and [(ON)Mog-SAd)(SAd}].. The crude yellow solid
hexan_es, 0.130 mol, 1 equiv) was ad_ded via syringe. During the addition 55 extracted with pentane with stirring to remove nitdend the
the mixture became cloudy. The mixture was allowed to warm t0 25 gy was subjected to filtration on a sintered glass frit. The filter cake
°C, at V\_/hlch point the_ volat_lle components were removed in vacuo. consisting largely of [(ON)Ma{-SAd)(SAd)], was washed further with
The residue was slurried with diethyl ether (200 mL), and the slurry pentane to a pale yellow color. The total amoun6afbtained in this
was cooled to near freezing in the cold well. The cold slurry was stirred way was 76 mg (0.061 mmol, 67%). Anal. Calcd forl@ssNOMoSs:
magnetically and treated with Ti(Cl){Pr) (33.76 g, 0.130 mol, 1 . 57.39: H, 7.22: N, 2.23. Found: C, 57.29: H, 7.40: N, 2.240.
equiv) as a diethyl ether solution (1:1 by volume). Upon addition of NMR (300 MHz, GDg, 25 °C): o = 1.46 (app doublet, 6H, bridge

th_e titanium rea_lgent the mi_xture _acquired a green color. Af_ter the SAd proximal GH5), 1.55 (app doublet, 12H, terminal SAd proximal
mixture was stirrd 1 h Whll_e being warmed to ZBQ, volatllt_e CH.), 1.81 (app doublet, 18H, overlapping bridge SAd proximel,C

components were removed in vacuo. The re_sultlng viscous oil was with terminal SAd proximal @), 2.07 (app singlet, 18H, overlapping
extracted with pentane, and the extract was filtered through a bed of bridge SAd G with terminal SAd &), 2.58 (app singlet, 24H, terminal
Celite on a fritted glass funnel. Removal of solvent from the filtrate g\ " istal @), 3.04 (app singlet, izH, bridge SAd (ljistai'llﬁ). e

gaves as a viscous ol CTude oblained It this manner was90% - NMR (CeDe): 6 = 31.98, 32.57, 36.50, 36.76, 47.73, 48.08, 58.45,
pure as assayed By spectroscopy. A similar procedure carried g3 g5 31" NMR (300 MHz, pyridineds, 25°C): 6 = 1.63, 1.85 (app

out on a 4.63 g scale of 1-adamantanethiol afforded 9.608)(89% doublets, 18H, Ad proximal B,) 2.12 (app singlet, 9H, Ad B) 2.59

. 1 . _
' pp : OFL AC D 2), & PP S, SH, 36.88, 48.66, 56.32. IR data {ds solution, KBr plates, cmf): 2913

CH), 2.39 (br app s, 6H, Ad distal k), 4.54 (sept, 3H, BMe;). (br), 2848 (s), 1642 (vs, NO stretch), 1447 (m), 1342 (m), 1294 (s),
2.3. Preparation of N=Mo(SAd)s (3). To a magnetically stirred 1101 (m), 955 (w), 823 (w).
solution of Ti(SAd)(OPr); (8, 33.78 g, 86.08 mmol; 3.5 equiv; see ’ 7 _ .
. e . 2.6. Preparation of (AdS}Mo=Mo(SAd)s; (5). A solution of
t
section 2.2) in diethyl ether (150 mL) was added soli&Mo(O'Bu)s 1-adamantanethiol (974 mg, 5.80 mmol, 6 equiv) in pentane (40 mi)

(2, 8.10 g, 24.60 mmol, 1 equiv) in small portions. The mixture was was cooled to near freezing in a cold-well inside the box. The mixture
stirred for 1.5 h at which point the volatile components were removed was stired magnetically, and-butyllithium (3.62 ml of a 1.6 M

in vacuo. Pentane (ca. 50 mL) was added to the oily residue, lution in h 5 80 L6 . dded vi : Th
precipitating a green-yellow solid. The solid was collected by filtration solution in hexanes, .69 mmol, equiv) was acded via syringe. 1he
volatiles were removed in vacuo after 30 min of stirring. The white

on a fritted glass funnel and washed with pentane until the filtrate was "~ ; ; : .
pale yellow. The soli® obtained in this manner amounted to 12.93 g solid was dissolved in THF, and solid khaki b@s(dme}, (7) (565

(86% yield).H NMR (300 MHz, GDy): 6 = 1.44, 1.57 (app doublets, mg, 0.96 mmol, 1 equiv) was added in small portions over 10 min.

18H, Ad proximal @), 1.90 (app s, 9H, Ad B), 2.45 (app s, 18H Upon addition, the color of the colorless solution turned from bright-
Ad distal Hy). 13C N2I\/’IR'(CGD6): 6’= 5:5.31 4’7_5'37 36.49 ,31.8é. green at the beginning to green-brown, ending dark brown-red. After

Low resolution EIMS: m/z613 (7.70%, M). Anal. Calcd for GoHas- 3 h of stirring, the volatiles were removed in vacuo giving a brown-
MoONS; C, 58.89: H, 7.41: N, 2.29. Found: C, 59.16: H, 7.69; N, orange solid. Diethyl ether was added, and the suspension was stirred
206 T T - Y " for 15 min and filtered through a bed of Celite on a sintered glass frit.

The diethyl ether extraction was repeated once. The solvent was
evacuated from the filtrate fraction, and the orange-brown powder was
recrystallized from a mixture of diethyl ether and hexamethyldisiloxane,
by cooling at—35 °C. Two crops of orange-brown (Ads$jo=Mo-

(11) Pangborn, A.; Giardello, M.; Grubbs, R.; Rosen, R.; Timmers, F. (SAd); were collected summing up to 402 mg (0.34 mmol, 35.4%).

2.4. Preparation of (AdSyMo(u-N)Mo(N['Bu]Ph); (4). To a
thawing solution of R==Mo(SAd); (3, 0.311 g, 0.508 mmol, 1 equiv;

12) %%élilr;?m}ft?!"_cglffeﬁr 1L5.Jlglr8- Chem1971 36, 3038 NMR (300 MHz, GDs, 25 °C): 6 = 1.71, 1.54 (app doublets, 18H,
] NN 1 e MY g - Ad proximal (Hy), 2.01 (app singlet, 9H, Ad i), 2.54 (app singlet,
(13) Gilbert, M. G.; Landes, A. M.; Rogers, R. Morg. Chem.1992 31, 18H, Ad distal G). 13C NMR (CsDe): o = 32.18, 36.87, 48.78: 56.42.

(14) Chan, D. M.-T.; Chisholm, M. H.; Folting, K.; Huffman, J. C.;  Anal. Calcd for GoHgoM0,Ss: C, 60.27; H, 7.59. Found: C, 60.27; H,
Marchant, N. Sinorg. Chem.1986 25, 4170. 7.44.
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2.7. Preparation of [(ON)Mo(u-SAd)(SAd)]. (6) from (AdS)sMo=
Mo(SAd); (5). Compound5 (243 mg, 0.20 mmol, 1 equiv) was
dissolved in 15 mL of toluene in a Schlenk flask capped with a septum.

The gases were removed in vacuo, and the flask was taken out of the

box. NO (9.8 mL, 0.40 mmol, 2 equiv, 1 atm, 26) was added via
siringe. The reaction mixture was stirred for 4 h. The color of the
solution gradually changed from dark red-brown to yellow-brown. The
solvent was removed in vacuo, and the flask was brought into the box.
Pentane (40 mL) was added, and suspension was stirret Hoand
then filtered through a sintered glass frit. The collected pale yellow-
brownish solid was washed with diethyl ether to give the pure pale
yellow [(ON)Mo(u-SAd)(SAd}]., as determined byH NMR and IR
spectroscopy. The total amount®bbtained in this manner was 150
mg (0.12 mmol, 60%).

2.8. Preparation of (AdSyMo(NO)(py) (10). Compoundb (80 mg,
0.064 mmol) was dissolved in pyridine, and the solution was stirred
for 15 min. The volatiles were removed in vacuo. The solid was washed
briefly with cold pentane to remove a brownish impurity and then
collected on a fritted glass funnel as a pale yellow solid purétby
NMR spectroscopy. The solid0 obtained using this procedure
amounted to 79 mg (0.112 mmol, 87%H NMR (300 MHz, GDs,
25°C): ¢ = 1.57, 1.85 (app doublets, 18H Ad proximaHg, 2.09
(app singlet, 9H Ad ), 2.66 (app singlet, 18H, Ad distalHg), 6.45
(app triplet, 2H, PymetaCH), 6.70 (app triplet, 1H, Pyara CH),
9.59 (app doublet, 2H, Pgrtho CH). 3C NMR (CsDg): 6 = 32.13,
36.96, 48.73, 56.18, 124.50, 138.70, 153.39. Anal. Calcd fgi$aN,-
OMoSs: C, 59.47; H, 7.13; N, 3.96. Found: C, 58.68; H, 7.01; N,
3.81. IR data (GHs solution, KBr plates, cm'): 2913 (br), 2848 (s),
1643 (vs, NO stretch), 1605 (w), 1444 (m), 1379 (w), 1342 (w), 1295
(m), 1227 (w), 1117 (m), 1101 (w), 1070 (w).

2.9. Reaction of (AdSjMo(u-N)Mo(N['Bu]Ph)s (4) with Benzoni-
trile To Give (AdS)sMo=Mo(SAd)s (5). Neat benzonitrile (0.2 equiv)
was added to a stirring solution dfin toluene, at room temperature.
No color change was observed upon mixing. The color of the solution
turned brown red over the next couple of hours. After being stirred
overnight, the volatiles were removed in vacuo, and the crude mixture
was analyzed byH NMR spectroscopy. The NMR spectrum showed
N=Mo(N['Bu]Ph) (9) and (AdS)Mo=Mo(SAd) (5) in a ratio of
approximatively 6 to 1. When benzonitrile is used in excess (3 equiv),
the initial color change occured immediatly upon addition and the ratio
of N=Mo(N['Bu]Ph) (9) to (AdSsMo=Mo(SAd) (5) was approxi-
matively 5 to 2. Attempts were made to isolate (Aé)=Mo(SAd);

(5) from the mixture with N=Mo(N['Bu]Ph) (9) for recording a yield
but were unsuccessful.

2.10. X-ray Crystal Data. Crystals grown from concentrated ether
solutions at=35 °C quickly were moved from a scintillation vial to a

Agapie et al.

Table 1. Crystallographic Data for #Mo(SAd); (3),
(AdS):Mo(u-N)Mo(N['Bu]Ph); (4), and (AdS)Mo(NO)(py) (10)

3 4 10

formula GsHs7 M0~ CyoHsgMO133  CasHsoMos-

N3O1 2553 N2.67S N2S:0
fw 701.42 728.26 706.89
space group P1 P3 P1
a, 12.423(7) 15.677(3) 12.5627(6)
b, A 16.795(11) 15.677(3) 16.9028(9)
c A 17.746(11) 16.021(2) 17.5580(9)
a, deg 91.951(14) 90 98.0140(10)
B, deg 94.11(2) 90 108.6950(10)
A, deg 102.95(2) 120 90.7040(10)
Vv, A3 3495(4) 3410.1(9) 3490.7(3)
A 4 3 4
cryst color/habit yellow plate black plate yellow plate
Decaica g-Ccm™—3 1.296 1.122 1.345
u, mm? 0.567 0.494 0.585
F(000) 1486 1214 1488
GOP onF? 1.404 1.110 1.328
Ru(Fo)e for I > 20(1)  0.1374 0.0588 0.1261
WRy(Fe?)¢ for | > 20(1) 0.2847 0.1823 0.2361

2 GOF = [S[W(F ~ FA/(n = P)I¥2 ° Ry = 3IFl = IFl I5IFol.
“WR, = [S[Fe? — FAZW(FT] ™

Cl SAd
| i
- TiQ"'OCHMe2 - o TiQ"'OCHMez
MSQHCO OCHMez MeZHC OCHMez
8

Figure 1. Synthetic protocol for the preparation of Ti(SAd)RD)s
(8). i: Li(SAd), Et,0, —90 — 25 °C, —LiCl.

3. Results and Discussion

3.1. Synthesis and Characterizationln order to carry out
the desired N-atom transfer reaction, the molybdenum(VI)
nitrido—thiolate N=Mo(SAd); (3) was required. Although many
molybdenum(VI) nitrido complexes are known, relatively few
of them employ thiolate ancillary ligands, and we could discern
none that possess exclusively thiolates as supporting ligands.
The new compound therefore initiates a previously unexplored
class of nitridomolybdenum complexes.

Chisholm’s nitride-butoxide compound &Mo(O'Bu); (2)
is turning out to be pivotal in molybdenum(VI) nitrido chem-
istry, in that it has recently served as the precursor to
nitridomolybdenum tris(hydrocarbyl) systeA¥d5The latter are

microscope slide containing Paratone N (an Exxon product). Samplesunder study as polymerization catalyst precursors. Also, com-
were selected and mounted on a glass fiber in wax and Paratone. Thepound2 served as the precursor ta2o(NMey)s in a ligand
data collections were carried out at a sample temperature of 188 K onexchange process involving titanium tetrakis(dimethylamiéle).

a Siemens Platform three-circle goniometer with a CCD detector using
Mo Ka. radiation ¢ = 0.710 73 A). The data were processed and
reduced by utilizing the program SAINT supplied by Siemens Industrial
Automation, Inc. The structures were solved by direct methods
(SHELXTL v5.03, Sheldrick, G. M., and Siemens Industrial Automa-
tion, Inc., 1995) in conjunction with standard difference Fourier

techniques. All non-hydrogen atoms were refined anisotropically, except

atoms C(28) and C(48) df0, both which were refined isotropically.
Hydrogen atoms were placed in calculateg(= 0.96 A) positions.

Here again we show th@t* serves as a versatile source of
the nitridomolybdenum(VI1) fragment, undergoing reaction with
the in-situ generated (Figure 1) titanium(IV) thiolate Ti(SAd)-
(O'Pr) (8) to provide 3 in 86% yield (Figure 2). It is worth
noting that our attempts to utilize the Li(SAd) read@ulirectly
with in-situ generated [Mo(N)G],'” failed to provide ap-
preciable quantities of the desired nitridthiolate 3, while the
titanium—thiolate route of Figure 2 is rapid and efficient.

Some details regarding reduced data and cell parameters are available€Paration of the tetraalkoxytitanium(IV) byproduct poses no
in Table 1. In addition, selected bond distances and angles are supplied®roblem because of its high lipophilicity vissas the molyb-

in the figure captions of the ORTEP drawings.

2.11. Density Functional Calculations.Calculations were carried
out with the ADF program, employing scalar relativistic corrections
for the non-hydrogen atoms in the context of the frozen core
approximation. The local density approximation functional used was
that of Vosko, Wilk, and Nusair, while the functionals for the

generalized gradient approximations took the form of Becke (exchange)

and Perdew (correlation).

denum nitride-thiolate complexes.
One would likely expect BMo(SAd); (3) to be monomeric
in view of the presence both of strongdonors and bulky

(15) Caulton, K. G.; Chisholm, M. H.; Doherty, S.; Folting, Rrgano-

metallics1995 14, 2585.

(16) Herrmann, W. A.; Bogdanovic, S.; Poli, R.; Priermeier,JT.Am.
Chem. Soc1994 116, 4989.

(17) Chatt, J.; Dilworth, J. RJ. Chem. Soc., Chem. Commu®74 517.



A Dimolybdenumu-Nitrido Complex

N N
Il| i 'ul
O-..
MOCMe; — s Ad
MesCO \o Ches AdS \s o
2 3
ii
SAd
AdS—Mo_”
\SAd
H
Mo...,
AN (CMeg)Ph
Ph(MegC)N N(CMeqPh
4

Figure 2. Synthetic protocol for the preparation of (AdBlo(u-N)-
Mo(N['Bu]Ph) (4). i: Ti(SAd)(OPr) (8, 3 equiv), E5O, 25°C. ii:
Mo(N['Bu]Ph) (1), toluene,—90 — 25 °C.

Figure 3. Drawing of the two molecules of Mo (SAd) (3) present

in the asymmetric unit (35% probability ellipsoids). Solvent molecules
of crystallization are omitted. Selected distances (A) and angles (deg):
Mo(1)—N(1), 1.63(2); Mo(1)}-S(5), 2.305(7); Mo(1}S(1), 2.311(7);
Mo(1)—S(3), 2.345(6); Mo(1yS(4), 3.115(7); Mo(2yN(2), 1.62(2);
Mo(2)—S(2), 2.304(7); Mo(2)S(6), 2.307(7); Mo(2)S(4), 2.335(6);
Mo(2)—S(3), 3.077(7); N(L)yMo(1)—S(5), 105.6(6); N(1yMo(1)—
S(1), 104.0(6); S(5yMo(1)—S(1), 113.3(3); N(:yMo(1)—-S(3), 102.8-
(6); S(5-Mo(1)—S(3), 114.3(3); S(HyMo(1)—S(3), 115.1(2); N(2Y
Mo(2)—S(2), 102.2(7); N(2rMo(2)—S(6), 103.1(7); S(2yMo(2)—
S(6), 115.1(2); N(2yMo(2)—S(4), 102.2(7); S(2YMo(2)—S(4), 113.9(2);
S(6)-Mo(2)—S(4), 117.4(2); C(11yS(1)-Mo(1), 117.8(7); C(21y
S(2)-Mo(2), 113.3(8); C(31)S(3)y-Mo(1), 118.2(7); C(41yS(4)y
Mo(2), 115.6(8); C(51)S(5)-Mo(1), 115.9(8); C(61)S(6)-Mo(2),
114.1(8).

substituents. Accordingly, an X-ray diffraction study (Figure
3) reveals at most a very weak interaction between the two
molecules present in the asymmetric unit. Each molecul& of
exhibits pseudotetrahedral coordination about Mo. The mol-
ecules are distorted such that the-Mo—S angles are com-
pressed ca. Srelative to the tetrahedral angle, while the
S—Mo—S angles are enlarged by c&. Blthough no crystal-
lographic symmetry is imposed on the molec@edjsplays near-
Csy symmetry. The Me-S and M&N bond lengths (see caption
to Figure 3) are unremarkable with the exception of the putative
intermolecular contacts defined by Mo{25(3) and Mo(1)--
S(4). These contacts, oriented trans to thesMblinkages, are

Inorganic Chemistry, Vol. 39, No. 2, 200077

Figure 4. Drawing of (AdS}Mo(u-N)Mo(N['Bu]Ph) (4) with el-
lipsoids at the 35% probability level. The molecule possesses crystal-
lographic 3-fold symmetry. Selected distances (A) and angles (deg):
Mo(1)—N(1), 1.882(7); Mo(1)}S(1), 2.308(2); Mo(2rN(1), 1.771-

(7); Mo(2)—N(2), 1.977(5); N(1>Mo(1)—S(1), 93.71(4); S(BMo-
(1)—S(1), 119.585(9); N(2rMo(2)—N(2), 112.77(11); N(1yMo(2)—

N(2), 105.93(13); C(11)S(1)-Mo(1), 115.5(2); Mo(2)-N(1)—Mo(1),
180.0; C(21)N(2)—C(27), 114.3(4); C(2EyN(2)—Mo(2), 111.7(3);
C(27)-N(2)—Mo(2), 133.8(3).

in excess of three A and, as such, likely represent a negligible
bonding interaction. By way of comparison, the dative 4o
bond distances in the compounds MgSEb), and MoCl-
'(ﬁl\:’hCECSeQHg)(SEtz) are respectively 2.534(2) and 2.668(2)

18,19

The solid-state conformation & is such that the metal
nitrogen triple bond is tightly flanked by the three adamantyl
substituents, but as will be shown below, the fragment can access
other conformations. The “three-up” conformation observed in
the solid-state structure & contrasts with the “two-up, one-
down” structure observed in several cases for trigonal bipyra-
midal compounds possessing three equatorial thiolate ligérds.

Having in hand nitride3, we investigated its reaction with
Mo(N['Bu]Ph) (1). Mixing equimolar amounts 08 and 1 in
toluene gave rise to a dark green mixture. Removal of toluene
and recrystallization (hexane;35 °C) gave (AdS3Mo(u-N)-
Mo(N['Bu]Ph) (4) as an analytically pure black powder in
moderate (38%) yield. Although the compound is paramagnetic
(uerr ca. 1.7ug), it exhibits the expected number (8) of broad
IH NMR signals in the £10 ppm range. The degree of
paramagnetism, as assayed from 5 to 300 K by SQulD
magnetometry, is consistent with a doublet ground state for the
complex.

Structural information from an X-ray diffraction study (Figure
4) reveals that (AdSMo(u-N)Mo-(N['Bu]Ph) (4) possesses a
linear yet unsymmetricgk-nitrido linkage. Indeed, the N

(18) Dierkes, P.; Frenzen, G.; Wocadlo, S.; Massa, W.; Berger, S.; Pebler,
J.; Dehnicke, KZ. Naturforsch.1995 50h 159.

(19) Plate, M.; Dehnicke, K.; Abram, S.; Abram, B. Naturforsch1996
51h, 1049.

(20) de Vries, N.; Dewan, J.C.; Jones, A. G.; Davison,Jarg. Chem.
1989 28, 3728.

(21) de Vries, N.; Dewan, J. C.; Jones, A. G.; Davison)rfarg. Chem.
1988 27, 1574.

(22) Blower, P. J.; Dilworth, J. R.; Hutchinson, J. P.; Zubidt&. J. Chem.
Soc., Dalton Trans1985 1533.

(23) Bishop, P. T.; Dilworth, J. R.; Hutchinson, J. P.; Zubieta, JJA.
Chem. Soc., Dalton Tran4986 967.
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Figure 5. Structure of N=Mo(SMe); (11) as optimized by ADF with
scalar relativistic corrections, the constraint@, symmetry, and in

its lowest-lying singlet state. Bond lengths (A) and angles (deg):
N—Mo, 1.674; Mo-S, 2.340; S-C, 1.861; N-Mo—S, 105.7; Mo~
S—C, 108.2. Overlap populations: Mo, 0.4595; S-Mo, 0.2267;
S—C, 0.3044. Hirschfield charges: N;0.2928; Mo, 0.4607; S,
—0.0926.

Momiolate distance (1.882(7) A) is significantly longer than the
N—Mo0amige distance (1.771(7) A). This is in contrast to the
situation for the related utnitrido)dimolybdenum hexakis-

Agapie et al.

E/%’i

Figure 6. Structure of (HSMo(u-N)Mo(NH,); (12) as optimized by
ADF with scalar relativistic corrections, the constrainGaf symmetry,
and in its lowest-lying doublet state. Bond lengths (&) and angles
(deg): u-N—Morioiate 1.857;u-N—MO0Oamide 1.786; Mo-S, 2.331; Moe-

N, 1.978;u-N—Mo—S, 101.2;u-N—Mo—N, 102.1. Overlap popula-
tions: u-N—Moiolate 0.1335;4-N—M0gamige 0.1918; Mo-S, 0.1867;
Mo—N, 0.0914. Hirschfield charges: M@t +0.4134; MQmide

]

(amide) complexes that have been characterized; the latter+0.6612;u-N, —0.3352; S,—0.1622; Nymige —0.3223.

display linear but symmetrical-nitrido linkages'®
3.2. Bonding in the u-Nitrido Complex. It is tempting to
speculate that the asymmetry in taitrido linkage for4 is a

consequence of the disparity in donor sets (N- versus S-donors)

on the two molybdenum centers. The compound is a mixed-
valence species, Mo(V)/Mo(IV), and in view of the direction
of the asymmetry of tha-nitrido bridge, one may assign the
Mo(N['Bu]Ph); fragment as containing the more highly oxidized
of the two molybdenum centers. In the limiting case the structure
of 4 suggests that it ultimately may fragment to “Mo(SAd)
and the stable nitrido derivativessMo(N['Bu]Ph); (9).

Some of the foregoing notions are borne out by the results
of density functional calculations on the model compoungs N
Mo(SMe) (11) and (HS)Mo(u-N)Mo(NHy)s (12). Geometry
optimizations for the two model compounds were in reasonably
good agreement with the experimental data especially with
respect to bond distances. For example, the calculategMo
distance forll was 1.674 A (Figure 5), compared with the
experimental value of 1.63(2) A f@&; note that the latter value

has a high esd associated with it and that a more typical distance

for a terminal molybdenum nitrido is 1.658(5) A as found for
9. Also, for (HS}Mo(u-N)Mo(NHy)s (12), the u-N—Motiolate
bond length is 1.857 A (Figure 6) and theN—Mo0amige bond
length is 1.786 A, compared to experimental valuestiof
1.882(7) and 1.771(7) A, respectively.

3.3. Reactions of theu-Nitrido Complex. The chemistry
of (AdS)Mo(u-N)Mo(N['Bu]Ph) (4) confirmed the speculation

AdS
%, _SAd
AdSSL

/Mo'"'""SAd
ads” O\,

N i

_—

Mo...,.
)N/ \”N(CMeg)Ph

SAd
Ph(MesC N(CMeg)Ph 5
4
iv
ii
NO
ads,, | NO
“Mo—SAd AdS,,
AdS’l | oag iii AdS;NL SAd
i\
AdS—Mo" |
| SAd NCsHs
NO 10
6

Figure 7. Reactions of (AdSMo(u-N)Mo(N['Bu]Ph); (4) involving
loss of N=Mo(N['Bu]Ph); (9). i: Benzonitrile, 0.2-3 equiv, toluene,
25°C.ii: NO gas, 1 equiv, toluene, 2%, 67%. iii: Pyridine, excess,
25°C, 87%. iv: NO gas, 2 equiv, toluene, 26, 60%.

with the metal center supported by thiolate ligands, an adduct
which subsequently dimerizes to give the metaletal triple
bond. This idea is substantiated by the fact that the reaction is

that the bond between the nitride and the metal atom supportedfaster when an excess of benzonitrile is used. Also, the ratio of

by thiolate ligands is more susceptible to be broken, forming
N=Mo(N['Bu]Ph) (9) and species containing the “Mo(SAt)
fragment (Figure 7).

In an attempt to generate the molybdenum(lll) tris(thiolate)
fragment by thermal decomposition, thenitrido complex was

allowed to sit in benzene at room temperature for several days.

Under these conditions4 decomposes, generating=iWVo-
(N['Bu]Ph) (9), as expected. A well-defined product containing

(AdS)Mo=Mo(SAd); (5) to N=Mo(N['Bu]Ph) (9) (1:2.5, as
determined byH NMR spectroscopy) is close to the theoretical
case (1:2) when excess PhCN (3 equiv) is used. For comparison,
when a substoichiometric amount of PhCN (0.2 equiv) was used,
the ratio of (AdS)Mo=Mo(SAd); (5) to N=Mo(N[‘Bu]Ph); (9)

was significantly smaller (1:6). In the described reactions, the
presence of (AdSMo=Mo(SAd); was detected byH NMR
spectroscopy, but separation®from 9 was unsuccessful. For

the thiolate ligands was not isolated. Access to a speciescharacterization, compouridwas prepared independently using

containing the molybdenum(lll) tris(thiolate) fragment was made
possible by adding benzonitrile to a toluene solution4adt
room temperature. Besidé&s (AdS:Mo=Mo(SAd) (5) was
formed in this reaction. The reaction follows this route when
benzonitrile is used in excess (3 equiv) as well as when it is
used in substoichiometric amounts (0.2 equiv). Benzonitrile
probably promotes the decompositiorddfy forming an adduct

Mo,Clg(dme) (7), previously shown to be a good starting
material for the synthesis of molybdenum(lil) diméfAdS)s-
Mo=Mo(SAd); (5) was prepared by adding solitlto 6 equiv
of Li(SAd) dissolved in THF. The isolated yield 6f an orange-
brown solid, was 35%.

The reaction oft with gaseous NO was explored to gain more
information about the two different nitridgemolybdenum bonds.



A Dimolybdenumu-Nitrido Complex Inorganic Chemistry, Vol. 39, No. 2, 200079

Reaction of (AdS9Mo(u«-N)Mo(N['Bu]Ph); (4) with gaseous NO

in toluene solution gave [(ON)Ma(SAd)(SAdY]. (6) in
addition to 1 equiv oB. It is important to note that th NMR
spectrum of the crude mixture did not present any peaks
assignable to Mo(NO)(NBu]Ph), showing that the bond
between the nitride and the molybdenum supported by amide
ligands has no tendency to break even in the presence of reactive
agents such as NO. The proposed dimeric structur@ (ke
Figure 7) is confirmed byH NMR data revealing two distinct
thiolate ligand environments. This tendency toward dimerization
was previously reported for molybdenum nitrosyl complexes
suported by alkoxide ligand4.25The strong nitrosyl stretch in
the IR spectum (1642 cm) for 6 is similar to the NO stretch
reported for the related compound with isopropoxide ligands
(1640 cnh)?5 suggesting a very small influence of changing
the sets of ligands on the MANO bonding. In order to confirm

the assigned structure, [(ON)MoSA)(SAd> (6) was in- Figure 8. Drawing of the molecule of (AdS¥lo(NO 10) present

dependently prepared by, treating . a toluene solution of in%he asymmetric?unit (35% probabili'fy eﬁ)p:lséids)).(poyrzl)(/ o)ng molecule

(AdS)Mo=Mo(SAd)s (5) with 2 equiv of gaseous NO, a s showed for clarity. Two crystallographically independent molecules

reaction characteristic of metametal triple-bonded system3. are present in the asymmetric unit. Selected distances (&) and angles
Treatment ob with excess pyridine gave yellow (AdsBjo- (deg): Mo(1)-S(4), 2.313(5); Mo(1)yS(5), 2.319(4); Mo(1)S(6),

(NO)(py) (10), which was readily obtained in crystalline form.  2.311(4); Mo(1)-N(3), 1.769(13); Mo(L) N(2), 2.350(12); N(3)-O(2),

The solid-state conformation df0 incorporates a trigonal-  1:21(2); N(2)-Mo(1)—S(5), 85.8(3); N(2)Mo(1)-S(6), 81.3(3); S(5}

bipyramidal molybdenum center, with the thiolate ligands lying Mo(1)~S(4), 120.1(2); N(2yMo(1)~S(4), 79.6(3); S(5)Mo(1)-S(6),

) ; - ' 2 116.9(2); S(4yMo(1)—S(6), 117.6(2); O(2YN(2)—Mo(1), 178.4(12);

in the equatorial position and the adamantyl groups surroundlngN(S)_Mo(l)_S(E,)’ 96.8(4): N(3¥Mo(1)—S(6), 97.9(4); N(3)}Mo-

the nitrosyl group (Figure 8). Five-coordinated complexes with (1)—s(4), 98.5(4); N(3}Mo(1)~N(2), 177.3(5); Mo(1}- S(4)-C(40),

three arylthiolate ligands forming a cavity around the nitrosyl 118.0(6); Mo(1}-S(5)-C(50), 118.2(5); Mo(1}S(6)-C(68), 118.6-

group have been described previolSlyAdS):Mo(NO)(py) is (5).

structurally related to Chisholm’s ttert-butoxy(nitrosyl)- from N=Mo(SAd)s, no binding of dinitrogen by the Mo(SR)

(pyridine)tungster® Compound BuO):W(NO)(py) presents fragment is in evidence. On the basis of the observed chemistry,

M—N and N-O bond lengths close to the ones reported here a tentative conclusion is that the Mo(SRjagment is substan-

for 10. The Mo—S bond lengths are comparable with the bond tially lesszz-basic (reducing) than corresponding Mo(N[R]Ar)

lengths for the equatorial thiolate ligands in other molybderum  complexes.

nitrosyl complexes exhibiting a trigonal-bipyramidal geometry,

such as MO(S@H P24, 6)(NHJ(NO) and [NHEH[MO-  National Science Fundation (CAREER Award CHE-9501992),

( MNO)]. the Alfred P. Sloan Foundation, and the Packard Foundation.
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