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Abstract: Bis(dinitrogen)bis[ethylenebis(diphenylphosphine)]molybdenum, Mo(N3),(dppe), (1), reacts with Cii;3Br, n-
C4HoBr, and (CH3)3CCH,CH,Br, respectively, to form the corresponding 2-alkyldiazenido-N derivative, MoBr(N;R)-
(dppe)2, with loss of 1 equiv of dinitrogen. Reaction of 1 with 6-bromo-1-hexene yields the cyclopentylmethyldiazenido com-
plex, providing support for a radical pathway involving an alkyl radical. Protonation of the alkyldiazenido complexes with
aqueous fluoroboric acid produces a 2-alkylhydrazido(2—)-/V complex [MoBr(N2HR)(dppe),] BF4 in which the proton is at-
tached to the carbon-bound nitrogen atorn. MoBr(N,C4Hg)(dppe)2 (5) forms an adduct with methanol that exhibits physical
properties (IR and UV-visible spectra) very similar to those of the corresponding butylhydrazido complex suggesting strong
hydrogen bonding with methanol. The bromide ion of 5 can be replaced by azide and thiocyanate ion in a metathesis reaction.
Reaction of 5 with sodium borohydride or sodium methoxide in benzene-methanol solution at elevated temperature produces
almost equal quantities of ammonia and butylamine. Yields approached 60%. Butylmethylamine was also formed in the reac-
tions. Use of ethanol in place of methanol dramaticaily reduced the yields of ammonia and amine, and MoHy4(dppe)s (ca. 24%

yield) was identified among the products.

Introduction

In 1967 Parshall reported the stepwise reduction of 2-aryl-
diazenido-V (ArNN-) and l-aryldiazene-N2 (ArNNH-)
complexes of platinum(Il) to aniline and ammonia using
dihydrogen over a Pt/C catalysis.> Ammonia and substituted
anilines have also been produced by treating salts of the type
[RuCI(N>Ar)2(P(C4Hs)3)2]* (where Ar = p-CH3C¢H,4 and
p-CH;3;0C¢H,) with excess sodium amalgam in ethanol.* No
yields were given. Reactions of sodium borohydride with cat-
ionic aryldiazenido complexes, e.g., [Os(CO)2(N2CsHs)-
(P(CgHs)3),]™, result in the displacement of the aryldiazenido
ligand with hydride ion (to form OsH2(CO),(P(CsHs)3)2).5
No mention was made of the fate of the organonitrogen
moiety.

The interest in reducing the well-characterized alkyldi-
azenido complexes of molybdenum and tungsten to amines and
ammonia lies in their origin, namely, that the initial dinitrogen
complexes are prepared using molecular nitrogen rather than
an organonitrogen precursor and that a carbon-nitrogen bond
is formed to coordinated dinitrogen (e.g., eq 1). We have been
able to accomplish this reduction (e.g., eq 2) under different

Mo(N2),(dppe)2 + CH;l
- MOI(NzCH3)(dppe)2 + Nz (1)

MoBr(N,>C4Hs)(dppe),
— NH; + C4HgNH: + 2dppe + Br~ + (Mo) (2)

conditions in yields close to 60%. In this paper we present the
preparation and characterization of alkyldiazenido and alk-
ylhydrazido complexes derived from reactions of alkyl bro-
mides with 1 and report data on the reduction of
MoBr(N2CsHg)(dppe)2 to ammonia and amines. Some of this
work has already been communicated.®-8

Recently, the reduction of 2,2-dialkylhydrazido(2—)-N
complexes [-N2(CHs)» and —NNCHzCHzCH2CHz] of mo-
lybdenum and tungsten has been reported.® Yields of di-
methylamine and pyrrolidine, respectively, were almost
quantitative using lithium aluminum hydride in diethyl ether
at 80 °C for 65 h followed by methanol and hydrogen bromide
treatment. However, no ammonia was detected so that only
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one-half of the theoretical amount of nitrogen present per
molecule was reduced.

Experimental Section

All preparations and crystallizations were carried out under a di-
nitrogen atmosphere using standard vacuum line or glovebag tech-
niques unless otherwise specified. Irradiation of solutions in Pyrex
vessels was accomplished using either a 100-W B-100A Blak-Ray
lamp, Ultra-Violet Products, Inc.. or three Sylvania 100- or 150-W,
125-V lamps each placed ca. 25 cm from the flask, or Westinghouse
40-W cool white fluorescent lamps used for normal lighting in the
fume hoods and laboratory.

Organic solvents were reagent grade unless noted otherwise and
were dried by distillation from the drying agent indicated: benzene,
heptane, and dichloromethane (calcium hydride), tetrahydrofuran
(sodium benzophenone ketyl or calcium hydride), and methanol
(magnesium methoxide). All solvents were deoxygenated before use
by bubbling dinitrogen through them for at least 0.5 h. and then the
reaction solutions were further deoxygenated by a series of freeze-
pump-thaw cycles.

trans-Mo(N3)s(dppe); was prepared by one of two different
methods.!%!! Modifications were made to the latter method.! Hex-
afluorophosphoric acid-diethyl ether complex and methanol-d; were
purchased from Aldrich Chemical Co. The bromoalkanes were pur-
chased from commercial sources.

Infrared spectra were obtained on a Perkin-Elmer 621 grating
spectrophotometer from samples prepared as indicated in Table [. 'H
NMR spectra were recorded in the deuterated solvents indicated on
either a Varian A-60D or a Varian XL-100 NMR spectrometer.
Electronic absorption data were recorded on « Cary 14 spectropho-
tometer in 1.0-cm Lightpath Cells, Inc., solution cells. Melting points
or decomposition points were measured in sealed, evacuated capillaries
in a Mel-Temp apparatus, and are uncorrected.

Elemental analyses were performed by Schwarzkopf Microana-
lytical Laboratory, Inc., Woodside, N.Y.

Syntheses. Bromo(2-methyldiazenido- V)bis[ethylenebis(diphenyl-
phosphine)lmolybdenum, MoBr(N2CH3)(dppe)z (2). Methyl bromide
(2.06 mmol) was condensed into 1.70 g (1.79 mmol) of 1 in benzene
(220 mL) on the vacuum line. Upon reaching room temperature, the
stirred solution was irradiated (3 X 160-W lamps) at 27 °C for 44 h.
Excess anhydrous hydrogen bromide was added to the solution. A
color change from yellow-orange to cherry red occurred followed by
precipitation of a pink solid, which was reimoved by filtration. The
solution was reduced in volume (ca. 150 mL) in vacuo. Addition of
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Table L. Spectral Data

infrared, cm~14

'H NMR, 7 (rel area)?

electronic absorption

»(NN)- v(NH)- A, nm
compd (br) (br) other(s) phase  solvent alkyl NH¢ CH,(P) phenyl other solvent?  (€max M~ cm™1)
MoBr(N>CH3)(dppe)2 (2) 1535 vs 1353 vs KBr CD;Cl, 8.44(4)s 6.9-7.6  2.4-3.] 265  CeHg 364 (6240),
(8)s, (40) m 500 (160)¢
MoBr(N,C4Ho)(dppe)2 (5) 1530, 1395 sh, 1360 w-m Csl CeDs 79-93 m 6.9-7.6s 2.2-33m CeHe 362 (7160),
1516 s 1334 m, 1308 m 510 (170)¢
(1472 5)/ (1386 w-m, 1335 m, CeHe/ 363 (7330),
sh, 1328 m, 1308 m)f DMFs 510 (170)¢
MoBr(N,C4Ho)(dppe)2CH;0H (6) na. 2786 m (2788 m, Csl CeHe/ 310 (7010)¢
2290 w, 2190 w)* CH;0Hs#
MoBr(N,CH,;CH,C(CH3)3)(dppe)2 1525s KBr CDCl;  9.52s, 69-76s 24-3.1m 877t Cg¢He 364 (7830),
(8) —_— (15055) 80m 6.30q 500 (100)¢
MoBr(N,CH,CHCH,;CH,CH,CH>)- 1536 KBr CDCl;  8.5-9.0m, 7.0-77s 24-3.1m
(dppe); (10) 8.23d
Mo(NCS)(N.C4Hg)(dppe), (11) 1529 s 2080 vs, 2000 s KBr CeHe 355 (7910),
410 (6790)¢
430 (4030),
510 (160)
Mo(N3)(N2C4sHo)(dppe), (13) 1523 s 2085 vs KBr Ce¢He 358 (7060),
515 (160)e
[MoBr(N;HCH3)(dppe),]Br(3) na. 2780w 1352 m KBr CDCl, 865d na. 6.7-7.5s 23-3.1m
[MoBr(N;HCHj;)(dppe),] BF4 (4) n.a. 3260 w 1351 m, 1020-1100 KBr  C¢Dg 8.64d 704brs 7.1-78s 2.0-33m
br, vs
[MoBr(N,HC4Ho)(dppe),]BF4 (7) n.a. 3282w 1020-1100 br, vs Csl CDCl, 8193m 605brs 6.8-75s 24-3Im CeHe 460 (1000),¢
560 (60)¢
(3273 w)f
[MoBr(N2HCH,CH,C(CH3)3)- n.a 3137 1020-1100 br, vs KBr CDClyJ 9.6-98m, 5.78br,s 6.7-75s 24-3.1m 879t CH,Cl, 285 (12 300,¢
(dppe)2]BF4 (9) w-m 9.49s 6.30¢ 400 (370), 550
(40)
[Mo(NCS)(N,;HC4Hg)(dppe)2] BF4 na. 3270w 2038 vs, 1020-1100 KBr CeHe/ 300 (18 500),
(12) br, vs CH,Cl% 435 (260)¢
[Mo(N3)(N2HC4Ho) (dppe)2)BF4 (14)  na. 3295w 2085vs, 1020 1100 KBr CH,Cl, 300 (19 300),
br, vs 440 (220),° 560
(60)

4 n.a. = not assignable; vs = very strong, s = strong, m = medium, w = weak, sh = shoulder. ¢ Relative to Si(CH3)4); s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. ¢ Resonance
disappears upon addition of D;0. 4 THF = tctrahydrofuran. ¢ Shoulder. / 13N analogue. 2 1:1 (by vol) solution; DMF = N,N-dimethylformamide. # CH30D analogue. f N;,CHDCHDC(CH3); analogue.

J PFg¢ salt. % 3:2 (by vol) solution,
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heptane (150 mL) produced a tan precipitate that was filtered off,
dried, and shown to be [MoBr(N,HCH;)(dppe)2]Br (3, 0.75 g, 38%),
mp 155 °C dec. Anal. Calcd for [MoBr(N,HCH3j)2(dppe)2]Br-
l/2C5Hs (C56H5sBr2MoN2P4): C, 59.22; H, 4.89; N, 2.47; Br, 14.07.
Found: C, 58.88; H, 4.81; N, 2.06; Br, 14.76.

A dilute water—ethanol solution of potassium carbonate was added
to an ethanol solution of 3 (0.50 g, 0.46 mmol). Immediately, the so-
lution turned from a yellow-brown to an orange-yellow color and
vellow crystals precipitated, which were collected by filtration, washed
with ethanol and heptane, and dried in vacuo to yield 2 (95%, 0.44 g),
mp 215 °C dec. Anal. Caled for MoBr(N,CHj)(dppe),:
1hCeHe(CssHsaBrMoN,Py): C, 63.76; H, 5.17; N, 2.66; Br, 7.58.
Found: C, 63.40; H, 4.95; N, 2.89; Br, 7.14.

Brome(2-methylhydrazido(2—)- N)bis[ethylenebis(diphenylphos-
phine)Jmolybdenum Tetrafluoroborate, [MoBr(N;HCHa)(dppe)2]BF 4
(4). As described above, 1 (1.34 g, 1.41 mmol) and methyl bromide
(1.56 mmol) in benzene (100 mL) were reacted for 63 h at 38 °C. To
the resulting suspension was added 48% aqueous fluoroboric acid (1.5
mL) dissolved in ethanol (450 nL). After stirring (0.2 h) a yellow solid
(0.68 g) was separated by filtration. The filtrate was reduced in volume
to ca. 100 mL and heptane (100 mL) added to yield a pink solid. After
filtration, the pink solid was stirred (0.5 h) with benzene (200 mL)
and filtered. The filtrate was reduced in volume to ca. 100 mL and
heptane (100 mL) slowly added to precipitate the tan product that
was dried in vacuo and shown to be [MoBr(N2HCH3)(dppe),]BF4
(4, 0.15 g, 10%), mp 146 °C dec. Anal. Caled for [MoBr-
(NzHCHg(dppe)z]BF4'l/2C6H6 (C56HssBBI‘F4MON2p4)Z C, 58.86;
H, 4.86; N, 2.45; total halogen, 13.56. Found: C, 58.53; H, 5.00; N,
2.29; total halogen, 14.24,

A small amount of 4 was dissolved in ethanol (100 mL) followed
by addition of a saturated solution of ethanolic sodium hydroxide (50
mL). The solution immediately became yellow in color and a yellow
solid precipitated. The yellow product was washed with ethanol and
heptane, dried in vacuo, and shown to be 2 by spectroscopic
methods.

Bromo(2-n-butyldiazenido- N)bis[ethylenebis(diphenylphos-
phine)jmolybdenum, MoBr(N,C4Ho)dppe)z (5). n-Butyl bromide
(0.7789 g, 5.684 mmol) and benzene (150 mL) were added to 1
(3.3250 g, 3.495 mmol) in a round-bottom flask (500 mL). Following
the freeze-pump-thaw cycles, the reaction was maintained under its
own vapor pressure (i.e., N, Was not readmitted) and was irradiated
(3 X 150-W lamps) for 9.5 h at ambient temperature. The volume of
the dark red-orange solution was reduced to ca. 25 mL and methanol
(150 mL) added. After stirring (1.5 h), the solution was filtered to
remove a yellow solid and the filtrate evaporated to dryness to yield
a yellow-orange solid. This solid was washed (swirling) briefly with
ethanol (50 mL) and the resulting suspension was rapidly filtered to
remove an orange solid. The product, 5 (2.787 g, 75.4%), that pre-
cipitated as orange crystals from the filtrate over a 24-h period, was
filtered off, washed with ethanol, and dried under dinitrogen. A further
0.325 g of crystalline § was obtained from the filtrate (after evapo-
ration) by redissolving in benzene and repeating the methanol-ethanol
treatment. Total yield of §, mp 175 °C dec, was 84.2%. Anal. Caled
for MoBr(N,C4Hg)(dppe)2(CsgHs7BrMoN,Py): C, 63.58; H, 5.43;
N, 2.65; Br, 7.55. Found: C, 63.37; H, 5.39; N, 2.63; Br, 7.38.

The 15N,-labeled compound was prepared from trans-
Mo('3N3),(dppe), by a similar procedure except that argon was used
as the inert atmosphere for all manipulations other than workup of
product.

Bromo(2-n-butylhydrazido(2—)- N)bis[ethylenebis(diphenylphos-
phine)jmolybdenum Methanolate, MoBr(N,CsHgXdppe)2*CH3OH (6).
According to the above procedure, 1 (2.81 g, 2.96 mmol), n-butyl
bromide (5% excess), and benzene (150 mL) were irradiated together.
Methanol (200 mL) was added and the solution allowed to stand (0.5
h). The volume was reduced to ca. 50 mL and the resulting yellow
precipitate filtered off. The light-orange filtrate was evaporated to
dryness and the solid washed with benzene until the filtrate was col-
orless (ca. 150 mL). The light-orange product, 6, was dried under
dinitrogen. A further batch of 6 was obtained by adding methanol to
the benzene washing and repeating the isolation procedure. Total yield
of 6, mp 182 °C dec, was 1.65 g (51%). Anal. Calcd for
MoBr(N2C4Hg)(dppe)2-CH30H (C57H618YM0N20P4)2 C, 62.82;
H, 5.64; N, 2.57; Br, 7.33. Found: C, 62.42; H, 5.51; N, 2.30; Br,
7.02.

The methanol-d; analogue was prepared by the same procedure.

Bromo(2-n-butylhydrazido(2—)- N)bis[ethylenebis(diphenyiphos-
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phine)jmolybdenum Tetrafluoroborate, MoBr(NHCsHg)dppe),BF,
(7). Compound 5 (0.16 g, 0.15 mmol) was dissolved in benzene (15
mkL) in an Erlenmeyer flask (125 mL). Ethanol (10 mL) containing
2 drops of 48% aqueous fluoroboric acid was added to the orange so-
lution. The color immediately changed to a brown-yellow. Heptane
(25 mL) was added in three portions over a 2-h period, and the re-
sulting feathery, tan precipitate was filtered off and washed with 25
mL of a 1:1 ethanol-heptane solution. The product, 7 (0.13 g, 77%),
mp 252 °C, was dried in vacuo.

15N ,-labeled compound was prepared similarly from !SN,-labeled
5.

The hexafluorophosphate analogue of 7 was prepared in a similar
manner by protonating with hexafluorophosphoric acid-diethyl ether
complex, mp 236 °C.

Bromo[2-(3,3-dimethylbutyl)diazenido- N]bis[ethylenebis(diphen-
ylphesphine)jmolybdenum, MoBr(N2CH,CH2C(CH3)3)dppe)s (8).
Benzene (75 mL) was added to 1 (0.5075 g, 0.535 mmol) and 3,3-
dimethylbutyl bromide (0.0942 g, 0.571 mmol) in a flask with vacuum
stopcock. The reaction was allowed to proceed (48 h) at ambient
temperature in the dark. The volume was reduced to ca. 25 mL and
methanol (50 mL) added. The solution was stirred (1 h) and evapo-
rated to dryness. Ethanol (50 mL) was added, and after swirling (0.1
h) the suspension was filtered. Orange crystals precipitated (48 h)
from the filtrate and were filtered off and dried in vacuo. Yield of 8,
mp 173 °C dec, was 0.415 g (69%). Anal. Caled for
MOBr(NzCHzCHzC(CHg)g)(dppe)z'CszoH (C60H67BI‘MO-
N,0Py): C, 63.67; H, 5.97; N, 2.48. Found: C, 63.70; H, 5.79; N,
2.43.

Bromo[2-(3,3-dimethylbutyl)hydrazido(2—)- Nbis[ethylenebis(di-
phenylphosphine)|molybdenum Tetrafluoroborate, [MoBr(N,H-
CH,CH,C(CH3)3)(dppe)2]BF4 (9). To a benzene (20 mL) solution of
8(0.4150 g, 0.3666 mmol) was added 48% aqueous HBF,4 (0.3405 g,
1.86 mmol) in ethanol (15 mL). The solution immediately changed
from red-orange to red-green in color, Heptane (50 mL) was added
over a I-h period to the stirred solution, producing a green powder.
The mixture was stirred overnight. The green product was collected
by filtration, washed with 50 mL of 1:1 ethanol-heptane solution, and
dried in vacuo to yield [MoBr{(N,;HCeH 3)(dppe);] BF4/sEtOH
(0.4058 g, 93.1%), mp 240 °C dec.

Bromo(2-cyclopentyimethyldiazenido- V)bis[ethylenebis(diphen-
ylphesphine)Jmolybdenum, MoBr(N,CHCHCHCH,CH,CH,)dppe),
(10). 6-Bromo-1-hexene (0.0951 g, 0.5832 mmol) and 1 (0.5436 g,
0.5729 mmol) were dissolved in benzene (75 mL). After two freeze-
pump-thaw cycles, the mixture was warmed to 22 ®C and stirred
under solvent vapor for 48 h in the dark. The volume was reduced to
25 mL using a Buchi rotary evaporator, methanol (50 mL) was added,
and the solution was stirred (1 h). A small amount of a yellow solid
was removed by filtration and the filtrate taken to dryness. Ethanol
(30 mL) was added to the residue and the mixture swirled (0.05 h)
and then filtered through a fine frit. After 12 h, large red crystals of
product were collected by filtration, washed with a small volume of
ethanol, and dried in vacuo to give MoBr{(NNCgH ,)(dppe), (0.4548
2, 73.2%), mp 183 °C dec. Anal. Calcd for CssHsgBrMoN,P4: C,
64.27; H, 5.49; N, 2.58. Found: C, 63.90; H, 5.47; N, 2.39.

Thiocyanato(2- n-butyidiazenido- NV)bis[(ethylenebis(diphenyl-
phosphine)Jmolybdenum, Mo(NCSYN2C4HgXdppe)z (11). To a solution
of 5§(0.574 g,0.542 mmol) in-benzene (50 mL) were added potassium
thiocyanate (0.484 g, 4,98 mmol) and acetone (30 mL). The mixture
was heated at reflux (21 h) with magnetic stirring. Upon cooling, the
suspension was filtered. The filtrate was evaporated to dryness, and
the resulting solid redissolved in benzene (30 mL). After filtration,
solvent was removed and the orange product washed with heptane and
ethanol and dried in vacuo. The yield of 11, mp 174 °C dec, was
0.412 g (73%). Anal. Caled for Mo(NCS)(N2C4Hyg)(dppe)2
(Cs7H57MoN3P4S): C, 66.08; H, 5.55; N, 4.06. Found: C, 65.02; H,
5.76; N, 3.04.

Thiocyanato(2-n-butylhydrazido(2—)- N)bis[ethylenebis(diphenyl-
phosphine)Jmolybdenum Tetrafluoroborate, [Mo(NCS)NyHC4Ho)-
(dppe)2]BF4 (12). To 11 (0.047 g, 0.039 mmol) dissolved in benzene
(10 mL) was added ethanol (7 mL) containing 2 drops of 48% aqueous
fluoroboric acid. The solution rapidly turned from an orange to
greenish-brown color. Heptane (20 mL) was added over a 2-h period.
Long, greenish-brown needles crystallized (24 h) from the solution,
and were filtered off, washed with heptane and ethanol, and dried in
vacuo, mp 225 °C dec. Anal. Caled for [Mo(NCS)(N;HC4Hg)-
(dppe)z]BF‘t'l/zCsHs (C60H618F4M0N3P4S): C, 6197, H, 525, N,
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3.61. Found: C,61.64; H, 5.12; N, 2.94.

Azido(2-n-butyldiazenido- N)bis[ethylenebis[diphenylphosphine)]-
molybdenum, Mo(N3)N2CsHo)(dppe); (13). Sodium azide (0.156 g,
2.40 mmol) was added to a benzene (25 mL) solution of 5 (0.254 g,
0.240 mmol) followed by ethanol (25 mL). The mixture was heated
at reflux (21 h) with magnetic stirring. After filtration, the bright
orange solution was evaporated to dryness, washed with heptane, and
redissolved in ethanol. Orange crystals precipitated overnight and were
filtered off, washed with heptane, and dried in vacuo. Yield of 13, mp
155 °C dec, was 0.13 g (50%). Anal. Caled for Mo(N3)(N2C4Ho)-
(dppe)2C2HsOH (CsgHe3MoNsP4O): C, 65.35: H, 5.91; N, 6.57.
Found: C, 64.41; H, 5.63; N, 6.27.

Azido(2-n-butylhydrazido(2—)- N)bis[ethylenebis(diphenyiphos-
phine)jmolybdenum Tetrafluoroborate, [Mo(N3XN2HCsHg)Xdppe)2]BF 4
(14). To 13 (0.045 g, 0.039 mmol) dissolved in benzene (10 mL) was
added ethanol (7 mL) containing 2 drops of 48% aqueous fluoroboric
acid. The color rapidly changed from bright orange to yellow-brown.
Heptane (20 mL) was added over a period of 3 h. Brown crystals of
14 were filtered off, washed with heptane and ethanol, and dried in
vacuo, mp 200-201 °C dec. Anal. Caled for [Mo(N;3)(N;HC4Hy)-
(dppe)z]BF4-‘/2C6H(, (C59H6]BF4:\’IONSP4)Z C, 6179, H, 532Y N,
6.10. Found: C, 61.91; H, 5.40; N, 5.42.

Reduction Reactions. A large number of reduction reactions of 5
were conducted. Two different types of apparatus were used for the
reaction. One of these was a 500-mL Parr bottle with a ball joint added
in place of the normal neck. A vacuum stopcock could be connected
to the Parr bottle via the ball joint connection. Typically, 0.4-0.6 g
of 5 was added to the Parr bottle containing a magnetic stir bar.
Benzene (30 mL) and the reagent (NaBH4 or sodium methoxide, both
in ca. 10 mol excess) were added, followed by methanol (50 mL). The
bottle was sealed and either charged with dinitrogen or dihydrogen
or evacuated (=196 °C) and run under the vapor pressure of the sol-
vents. The bottle was then immersed in an oil bath at the desired
temperature, and the mixture magnetically stirred for the desired time
interval. Following completion of the reaction, the bottle was allowed
to cool, and then the volatiles were removed in vacuo and collected in
a cooled (=196 °C) flask. Hydrobromic acid (48% aqueous) was
added to the still-frozen distillate, and the flask was allowed to warm
toroom temperature. All volatiles were removed in vacuo. This solid
residue was treated with a small amount of deionized water (5 mL)
and solid sodium hydroxide and the volatiles were distilled into a re-
ceiver cooled to =196 °C. The distillate was analyzed for total base,
or ammonia and amines.

The second apparatus used was a 1-L MagneDrive packless auto-
clave which was charged with reagents and solvents (same ratios as
mentioned above) and a magnetic stir bar was added. The autoclave
was sealed, flushed twice with dinitrogen or dihydrogen, and then
heated to the desired temperature for the requisite period of time. The
solution was magnetically stirred during the reaction. Following the
reaction, the autoclave was allowed to cool and the pressure released,
carcfully. The cover was then removed and the solution rapidly pi-
petted into a 250-mL round-bottomed flask. This material was then
worked up in an identical manner with the product from the Parr
bottle reactions described above.

Total base was determined in the following way. The final distillate
collected as described above was diluted to ca. 15 mL with distilled
water which had been boiled to expel carbon dioxide. The solution was
transferred to a beaker (30 mL) and titrated with 0.104 M hydro-
chloric acid while being stirred magnetically. The titration was
monitored by use of a Corning Semimicro Combination pH electrode
(catalog no. 476050) and a Fischer Accumet pH meter, Model 210.
The titrations were carried out under dinitrogen. The standard acid
was dispensed via a Gilmont 2-mL micrometer buret whose tip was
inimerscd continuously in the solution. End points were sharp and
assigned to the point of greatest slope. Yields reported by this method
are the average of at least two determination, and were for total base,
that is, for butylamine, butylmethylamine, and ammonia, since they
could not be determined separately by this analytical method.

Determination of yields of ammonia and amines was carried out
as follows. To the solution obtained from the base distillation of the
ammonium and amine hydrobromide salts was added 1.0 mL of a
0.299 M aqueous di-#-propylamine solution (as an internal reference).
The combined solution was made up to a volume of 10 mL. Ammonia
was determined by the indophenol method!? with incubation carried
out at 37 °C. At this temperature neither butylamine nor di-n-pro-
pylaniine inhibited the color formation. Butylamine yields were de-

termined using a portion of the same solution, by gas chromatography
using a Varian Aerograph Model 1520B gas chromatograph equipped
with a Varian Aerograph alkali flame ionization detector and a Leeds
and Northrup Speedomax W recorder. An 8 ft by !5 in. stainless steel
column packed with 60/80 mesh Chromosorb 103 was used in the
separation and identification of the amines. Oven temperature was
generally 140-160 °C. At least three injections of 0.0347, 0.0231, and
0.0116 M standard butylamine-di-n-propylamine solutions were imade
for each group of unknowns, and at least three injections of each un-
known were made. Injection size was ca. 2 uL. Integration of the
butylamine, di-n-propylamine, and butylmethylamine peaks was made
by cutting the peaks out of the chart paper and weighing them. Av-
crage deviations for the several injections of each standard and each
unknown were usually less than 5%. Yields given in Table 111 are the
average of at least two separate experiments carried out at the same
temperature. Mass spectral data in both the direct inlet and gas
chromatographic inlet modes were obtained on a computer-assisted
AEIl MS-50 mass spectrometer.

Investigation of the residue left behind in the pressure vessel after
removal of all volatiles is summarized below. In NaBH4-benzene-
methanol reactions with 5, (1) extraction with ethanol left a white solid
that was shown to be dppe in yields up to 89%; (2) unreacted 5 was
often recovered; (3) treatment of the residue with concentrated
H3S04, and then 10 M NaOH solution, followed by distillation gave
2% ammonia (of that not previously accounted for in that particular
experiment) by the indophenol method. In two reactions of § with
NaBHg-benzene-ethanol, extraction of the residue with benzene gave
yellow solutions from which MoHg4(dppe)2 in yields of 25.5 and 21.8%,
respectively, was obtained after addition of ethanol.

Three other alkyldiazenido complexes (besides 5) were subjected
to reduction in the presence of NaBH4-benzene-methanol:
MoI(N,CgHy ) (dppe)a. WBr(N,C4Hg)(dppe)>, and MoBr-
(N2CH,COOC Hs)(dppe)a (see Table II1). In all three cases only
ammonia yields were determined quantitatively.

Results and Discussion

Synthesis and Characterization. Simply alkyl bromides such
as CH;Br, n-C4Hg¢Br, and (CH3);CCH,CH,Br react with
Mo(N>)a(dppe)» (1) in benzene solution to give alkyldiazenido
complexes of the type MoBr(IN2R)(dppe)s. These complexes
are analogous to the alkyldiazenido complexes derived from
the reaction of simple alkyl iodides with 1 for which two X-ray
crystal structure determinations have been made.!8:13 The
coordinated bromine atom trans to the alkyldiazenido ligand
is labile to exchange by azide and thiocyanate ion. Protonation
of the complexes with either anhydrous hydrogen bromide,
hexafluorophosphoric acid-diethyl ether complex, or aque-
ous-ethanolic fluoroboric acid produces the corresponding
alkylhydrazido complex. Spectroscopic studies indicate that
the site of protonation is the carbon-bound nitrogen atom by
analogy with the corresponding alkylhydrazido complexes
derived from alkyl iodides and subsequent protonation. An
X-ray diffraction study of [Mol(N2HCgH,7)(dppe).]l has
shown the site of protonation to be indeed the carbon-bound
nitrogen atom.!:!?

All new compounds have been characterized by elemental
analysis and infrared spectroscopy, and in most cases 'H NMR
spectroscopy (see Table I). The electronic absorption spectra
of many of the new compounds have also been recorded (see
Table I). The alkyldiazenido complexes are yellow, yellow-
orange, or orange while the alkylhydrazido complexes are tan,
brownish-green. or brown. Both types of compounds are air
stable in the solid state and are stable in solution in the absence
of oxygen.

Alkyldiazenido Complexes. Methyl bromide reacts with 1
in benzene solution to form MoBr(N2CH3)(dppe)2 (2):

Mo(N3),(dppe)2 + CH;Br
— MoBr(N;CH3)(dppe): + N2 (3)
The reaction occurs more rapidly in the light than in total

darkness at room temperature.!* A frequent coproduct in this
reaction is MoBra(dppe),. which could not be removed totally
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by fractional recrystallization. However, addition of anhydrous
hydrogen bromide to the crude reaction suspension produces
the methylhydrazido complex as the bromide salt (eq 4).
Subsequent deprotonation (eq 5) using an aqueous-ethanolic

MoBr(N>CH3;)(dppe)» + HBr
— [MoBr(N,HCH;)(dppe),]Br  (4)

[MoBr(N>,HCH3)(dppe)2}* + CO32~
— MoBr(N,CH3)(dppe), + HCO3~ (5)

solution of potassium carbonate produced analytically pure
2, containing one-half a molecule of benzene of solvation. The
benzene of solvation was detected in the "H NMR spectrum
of 2 as a distinct, sharp singlet in the multiplet due to the phenyl
protons of the dppe ligands. Compound 2 is considerably less
soluble in organic solvents than its longer chain homologues.
Similar purification can be achieved using tetrafluoroboric
acid, followed by deprotonation.

A considerable amount of our chemical studies are being
carried out using MoBr(N,CsHy)(dppe), (5) because of its
ease of preparation and high yield of isolated, pure product.
The reactions of n-butyl bromide and 1 in benzene may be
carried out in the dark or under normal laboratory lighting.
The resulting clear solution is reduced in volume using a rotary
evaporator to a small solution volume, at which point a large
quantity of methanol is added. Either immediately, or after
stirring for a short time, a yellow solid precipitates; this is
MoBra(dppe), with occasionally a trace of MoHg4(dppe),,
which is a holdover from the preparation of 1 and results if the
latter compound is not recrystallized carefully.'* After fil-
tration, solvent is removed in vacuo leaving a yellow-orange
solid, 6. This solid is primarily a methanol adduct of S and in
many ways behaves like a hydrazido complex (vide infra). It
is not a simple methanol solvated complex. Washing this yel-
low-orange solid, 6, with benzene removes remaining traces
of MoBr,(dppe), to produce pure 6 (see Experimental Sec-
tion). Removal of a molecule of methanol from 6 (analogous
to deprotonating an alkylhydrazido complex) produces pure
5. This requires dissolving 6 in ethanol, filtering rapidly to
remove any MoBra(dppe), that may have not been removed
previously, and allowing 5 to crystallize from the filtrate. While
6 is insoluble in benzene and soluble in ethanol, § is insoluble
in ethanol. By this method we were able to avoid the protona-
tion-deprotonation route to purifying the complexes
MoBr(N,CH,CH,C(CH3)3)(dppe), (8) and MoBr-
(NZCH2CHCH2CH2CH2CH2)(dppe)z (10) However, no
attempt was made to purify 2 by this method because of its low
solubility in benzene solution.

The infrared spectra (see Table I) of 2, 5, 8, 10, and 11 all
show the characteristic strong to very strong, broad absorption
band at between 1535 and 1516 cm™! due to the N-N
stretching vibration. In the case of 5 this absorption band is a
broad doublet. The broadness persists in solution. Complete
isotopic labeling with nitrogen-15 atoms shifts ®(NN) to 1472
cm™~!in 5. However, while small changes are observed in a few
infrared bands, it is not possible to assign ¥(CN), for example,
with any certainty. Haymore and Ibers have noted that #(NN)
is often vibrationally coupled with phenyl vibrational modes
in compounds that contain the aryldiazenido (arylazo) li-
gand.®!> We have been able to demonstrate that ¥(NN) also
vibrationally couples with the attached methylene group in
MoBr(N,CH>CH,C(CH3)3)(dppe); (8). The »(NN) band
in 8 appears at 1525 cm™!, whereas a mixture of the erythro
and threo isomers of the [,2-dideuterio derivative of 8,
MoBr(NNCHDCHDC(CHj3)3)(dppe)2.'© exhibits a »(NN)
at 1505 cm™L The low symmetry associated with the alkyl-
diazendio ligand (approximately C;) allows the symmetric
CH> bending mode to couple with »(NN). Coupling had been

anticipated because the observed isotopic shift was less than
the calculated shift. The partial deuteration experiment con-
firmed that expectation.

The 'H NMR spectra (see Table I) of the alkyldiazenido
complexes are not particularly informative. The singlet due
to the ~-C(CHj3)3 group of 8 is shifted upfield by 0.47 ppm
compared with the same group in 3,3-dimethylbutyl bromide
(7 9.05) and 3,3-dimethylbutanol (7 9.05). This same shift to
higher field has been observed in other alkyldiazenido com-
plexes, except the methyldiazenido complexes. The likely cause
of this upfield shift is the diamagnetic anisotropy created by
phenyl groups of the phosphine ligands.!® In the solid state, two
phenyl groups are reasonably close to the alkyl group chain,
although no atom-atom interligand distances are less than the
sum of the corresponding van der Waals radii.!

All the alkyldiazenido complexes have similar room-tem-
perature electronic absorption spectra in benzene solution (see
Table I), namely, a low-intensity shoulder at ca. 500 nm (e ca.
150 M~ cm~!) and a broad band at ca. 360 nm (e ca. 7000
M~1cm™!) beyond which it climbs toward the ultraviolet re-
gion. The former absorption is undoubtedly due to a d-d
transition.!* The broad absorption band at ca. 360 nm probably
contains one or more charge transfer (CT) transitions, as well
as possibly a second d-d transition. MLCT transitions could
be Mo—P or Mo—N1R, whereas LMCT transitions could be
Br—Mo or RN;—>Mo. Halogen LMCT is unlikely to cause
the 360-nm absorption since the region of the spectra observed
(300-650 nm) is invariant to changes in halogen or other trans
ligand,! e.g., MoX(N2R)(dppe), where X = Cl, Br, I, OH,
NCS, and N3. For a series of (diazene)pentacarbonyl metal
complexes of the type M(RN==NR)(CO)s, where M = Cr,
Mo, and W, 17 the effect of changing solvent polarity upon the
position and intensity of MLCT transitions has been noted, and
gives rise to a characteristic blue shift (1900-3200 ¢cm™!) as
the polarity of the solvent increases (n-hexane to acetonitrile).
Similar large blue shifts have been observed for the MLCT
state of d® group 6B M(CO)4(1,10-phen)(phen = phenan-
throline) complexes on substituting cyclohexane for acetonitrile
as solvent.?%2! However, MoBr(N,C4Hs)(dppe), displays an
identical spectrum in benzene solution and in I:1 (by volume)
benzene-N,N-dimethylformamide (DMF) solution (see Table
I). A small hyperchromic shift in the 360-nm band is the only
change observed. These data would suggest that both
Mo—N3R and Mo«<—N,R CT transitions do not arise in the
region of the spectrum studied.

These alkyldiazenido complexes of molybdenum have a
closed-shell electronic configuration with the N;R ligand be-
having as a three-electron donor. The three pieces of evidence
that support this contention are (1) the very short Mo-N bond
length,! (2) the similarity of the molybdenum 3ds;2 binding
energies determined by X-ray photoelectron spectroscopy of
1 (227.2 eV), Mol(N,CHj)(dppe)> (227.5 eV), and
MoI(N>CsH;1)(dppe)s (227.4 €V),22 and (3) the diamagne-
tism displayed by the alkyldiazenido complexes.! If this is the
case, it might be expected that there would be some similarity
between the spectrum of 1 and the spectra of the alkyldiazenido
complexes. In fact, the broad absorption band at ca. 370 nm
appears in the spectrum of 1 and the alkyldiazenido complexes.
This band has been assigned by three different groups as being
due to Mo—P CT.!323.24 Of the three phosphorus orbitals?®
(considering MoP4 in C», symmetry) to which Mo—P4 CT
transitions are allowed, only one, the ay, is delocalized over all
four phosphorus atoms and hence Mo—P4(a;) CT transition
would be less likely to be affected by changes in solvent po-
larity. Therefore, we assign the absorption band at ca. 360 nm
in the spectra of the alkyldiazenido complexes primarily to a
Mo—P4 CT. Further experimental support for this assignment
comes from the electronic absorption spectrum of
MoBr(N>CsHo)(depe)s (depe = Et,PCH,CH,PEL,) in hep-
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tane solution,26 The 360-nm band has been blue shifted by ca.
2200 cm™! to 335 nm upon replacing dppe by depe. Since depe
is a poorer w acceptor than dppe the Mo—P, CT transition
should occur at higher energy,'* which is precisely what ap-
pears to have happened upon replacing dppe by depe in 5.

A dramatic change is noted in the spectrum of § when run
ina l:1 (by volume) benzene-methanol solution, a solution
having a dielectric constant very similar to that of the ben-
zene-DMF solution. The spectrum is very similar to that of
the butylhydrazido complex [MoBr(N2HC4Hg)(dppe),]BF4
in benzene solution. The difference between methanol and
DMF in this case is the hydrogen-bonding ability of the former
solvent. We are seeing the effect of strong hydrogen bonding
between methanol and the alkyldiazenido ligand. The degree
of hydrogen bonding, determined by measuring the change in
the electronic absorption spectrum of 5 upon addition of equal
quantities of different alcohols, varied predictably in the order
CH30H > C,HsOH > (CH;3),CHOH. The infrared spectrum
of the methanol adduct of 5 in the solid state was very similar
to that of the butylhydrazido complex 7, including the disap-
pearance of the y{(NN) stretch (vide infra). Bands in the in-
frared spectrum of the methanol adduct at 2960 (w), 2905 (w),
2875 (w, sh), 2842 (w), and 2783 (m) cm™! can be assigned
to ¥(CH) for the butyl group and for methanol. The 2783-cm™!
band is shifted significantly from free methanol where it occurs
at 2840 cm™!. There is also a band at 3025 cm™! partially
obscured by the aromatic »(CH) vibrations of dppe, and a
strong band assigned to »(CO) at 1092 cm~!, compared to
1025 cm™!in free methanol.2” When CH3;OD is used to form
the methanol adduct, all of the above bands remain unchanged
except the 3025-cm™! band, which disappears. A new weak
band appeared at 2292 cm™! that is assigned to ¥(OD). In free
CH;0D, »(OD) appears at 2430-2500 cm™! .27

Exchange Reactions. Complex 5 undergoes bromide ion
exchange very slowly with azide and thiocyanate ion in solution
at room temperature. Heating a mixture of 5 and either sodium
azide in a benzene-ethanol solvent mixture or potassium
thiocyanate in an acetone-benzene solvent mixture at reflux
produced the corresponding azido- and thiocyanato-alkyldi-
azenido complexes. In the infrared spectra of 9 and 11 new
sharp bands appear at 2080 and 2000 [#»(NCS)] and 2085
cm™! [#(N3)], respectively. The two ¥{NCS) bands are present
in a solution (CH»Cl,) spectrum of 9. There is no firm evidence
that there is a mixture of S- and N-bonded isomers. No further
supporting information could be obtained from the spectrum
because of absorptions due to the phenyl groups obscurring
regions of interest.282.2

Reaction with 6-Bromo-1-hexene. One of the most valuable
chemical methods of determining if reactions of primary alkyl
bromides proceed by a free-radical process is to carry out the
reaction using 6-bromo-1-hexene.?’ The 6-hexenyl radical is
known to cyclize rapidly to form the cyclopentylmethyl radi-
cal.3® This same reaction (together with other evidence) has
been used to show that 1 reacts with alkyl bromides by a
free-radical pathway.?! We have also carried out the same
reaction and find that indeed 1 reacts with 6-bromo- |-hexene
in benzene (48 h) at 22 °C to produce the cyclopentylmethyl
diazenido complex. The product is isolated and purified by the
methanol-adduct method in high yield. 'H and 13C NMR
spectroscopy showed no evidence of the noncyclized
product.3?

Alkylhydrazido Complexes. Protonation of the alkyldi-
azenido complexes with anhydrous hydrogen bromide (2),
aqueous-ethanolic fluoroboric acid (2, §, 8, 11, and 13), and
hexafluorophosphoric acid-diethyl ether complex (5) produced
the corresponding alkylhydrazido complex in high yieid. Pre-
vious work has established the site of protonation as the car-
bon-bound nitrogen atom.! The infrared spectra all exhibit
v(NH) at ca. 3275 cm~! except for complex 3, where »(NH)

Journal of the American Chemical Society / 102:3 | January 30, 1980

appears at 2780 cm™!. We believe that this rather dramatic
difference between the bromide and the tetrafluoroborate salts
is due to hydrogen bonding between the nitrogen-bound hy-
drogen atom and the counterion.! The nitrogen-nitrogen
stretching vibration has been shifted to lower energy upon
protonation but it has not been possible to assign a band to the
new nitrogen-nitrogen stretch despite 1N, labeling.

Protonation of the azide complex 13 causes no change in the
v(N3) frequency upon forming the hydrazido complex. How-
ever, protonation of the thiocyanate complex 11 produces a
hydrazido complex with only one broad ¥(NCS) band at 2038
cm~!, The CS stretching and NCS bending regions are ob-
scured by ligand phenyl bands. However, 12 is probably the
N-bonded isomer since (a) the ¥(CN) frequency occurs below
2100 cm! and (b) the presence of the m-accepting ligands and
the unit of positive charge on the complex will tend to make
molybdenum less electron rich with the result that molybde-
num will be a hard acid toward a sixth ligand (i.e., thiocyanate
ion).ZSa

In the 'H NMR spectra (Table [) a broad N-H resonance
is observed in 4, 7, and 9 but not in 3. However, in both 3 and
4 the methyl protons appear as a doublet due to coupling with
the nitrogen-bound proton.

Formation of Amines and Ammonia. The results of the hy-
drogenolysis of 5 are summarized in Tables II and III. Yields
of ammonia and amine determined as total base are given in
Table II while yields of ammonia and amine determined sep-
arately are given in Table [T[. Ammonia and amines were re-
moved from the product mixture by distillation in vacuo and
then converted to the hydrobromide salts in order to isolate
them from the organic solvents. For reactions run under similar
conditions the data in the two tables correlate well. Yields of
ammonia and amine are roughly equal in most reactions, al-
though the amine yields are often slightly higher, which is
probably due to loss of ammonia during workup. In addition
to establishing the yields of butylamine, the gas chromatogram
also indicated the presence of another nitrogen-containing
compound. This compound was shown to be butylmethylamine
by GC-MS and by comparison with an authentic sample. In
similar reactions with MoI{N,Cg¢H,;)(dppe)2, both cyclo-
hexylamine and N-cyclohexyl-NV-methylamine were identified
as products.

No hydrogenolysis was observed with palladium on charcoal
and dihydrogen. At temperatures below 200 °C, unreacted
complex could be recovered. However, sodium borohydride
and sodium methoxide in a benzene-methanol solution were
effective in hydrogenolysis reactions of 5. Sodium borohydride
reacts rapidly with methanol in a 1:1 benzene-methanol so-
lution at 60 °C to produce sodium tetramethylborate and
liberate 99% of the theoretical amount of dihydrogen in 0.5 h.33
Yields of ammonia and amine were lower when sodium
methoxide was used compared with sodium tetramethylborate.
Methanol was chosen as a cosolvent for two reasons. Firstly,
it had been noted that methanol interacts strongly with § and
it was felt that this might provide sufficient perturbation for
subsequent attack by other reagents. Secondly, methanol had
previously been shown to be far superior to other solvents for
the production of ammonia in the reaction of compounds of the
type M(N2)2(PR3)4 (M = Mo, W) with sulfuric acid, and it
was later shown that methanol alone at reflux or under irra-
diation was able to effect the reduction of dinitrogen to am-
monia in the complex cis-W(N3)2(PMe;Ph)4.34 Methanol
alone did not hydrogenolyze 5. When ethanol was used as a
cosolvent, yields of nitrogen-containing base were lower than
with methanol and MoH4(dppe). was isolated among the
products.

The temperature at which reactions were run has been found
to be an important factor in controlling the extent to which
reduction occurs. This, coupled with the necessity for a definite
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Table II. Reduction of MoBr(N,;C4Hg)(dppe),. Determination of
Total Base®
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Table III. Reduction of MoBr(N,CsHo)(dppe)». Determination of
Ammonia and Amines?

temp, time, yield, % yield % yield
reductant? system¢ solventd atm¢ °C h %f temp, °C time, h (amine)? (NH3)©
NaBH4 A b/m H, 50 64 g h 100 10 538 342
Pd/C A b/m H» 70 100 i 75 10 32.8 258
None A b/m H, 75 64 i 50 10 d 0.5
NaBH4 A b/m H» 75 96 334 125 10 58.3 50.2
NaBHj4 A b/m H» 75 69 37.5 140 10 55.1 56.2
NaBH4 A b/m H, 75 64 50.3% 140 10 38.0 55.0
NaBHj4 A b/m H, 85 86 50.4 (56.1)
None A b/m H, 85 83 <i 125 10 52.6 47.0
None A b/m H, 85 86 <l (71.1)
Pd/C A b/m H, 85 87 <1 100 10 53.8 50.7
NaBH,4 A b/m H, 150 36 55.4 (63.4)
NaBH4 A b/m H, 85 36 49.9 75 10 315 394
NaBH, A b/m N, 85 36 50.6 (45.1)
NaBHj4 A b/e H; 85 37 8.5 65 10 263 26.5
NaBH4 A b/e H, 85 18 14.5 (35.8)
NaBH,4 A b/m H, 50 18 g 60 10 9.6 4.2
NaBH4 A b/m H» 70 16 31.0 (14.8)
NaBH4/ A b/m H, 70 8 <0.5 100¢ 9 f 46.2
NaBH,4 A b/m H» 100 16 57.6 1008 10 h 18.7
NaBH4 B b/m N, 104 16 23.6 851 10 j 10.8
Qigg: g E;rr: 52 igg 3'275 ;gg @ Reaction carried outina I-L MagneDlrive packless autoclave in
NaBH4 B b/m \Y 90 125 <1 als (by.vol) benzene-methanol sol\/?nt with ca. lO.mo.l of NaBHy/
NaOCH; B b/m \Y 78 16 12.1 mol of diazenide complex. ? Determl_ned by.quanmanve gas chro-
NaOCH; B b/m \Y 91 23 85 matography; number in parentheses is the vield of butylamine and
NaOCH; B m v 90 60 43 N-methylbutylamine. ¢ Determined by the indophenol method.'®
NaOCH; A b/m  H, 100 16 29.9 ¢ Trace. ¢ Reduction of MoI(N2CH 1)(dppe)s. / Not determined;
NaOCH;, B b/m \Y 90 22 10.8 cyclohexylamine and N-methylcyclohexylamine identified by

@ Determined by titration. ¢ Initial reductant or catalyst added.
¢ A = | L MagneDrive packless autoclave; B = modified Parr bottle.
4H/m = 3:5 (by vol) benzene-methanol solvent; b/e = |:1 (by vol)
benzene-ethanol solvent; m = methanol solvent. ¢ Gas added to the
reaction vessel; V = no gas added. / Yield is percent total base as de-
termined by titration with 0.104 M HCl solution. 2 Not determined.
" C4HsNH; identified by mass spectroscopy. ' No C4HgNH, pro-
duced. / Blank reaction; no diazenide used.

initiation period during which time no nitrogen base formation
occurred (1.25 h at 90 °C), may point to the existence of a slow,
rate-controlling step in the reduction sequence. In light of the
observation that substitution reactions of MoBr(N,CsHyg)-
(dppe)s, in which the bromide ion is replaced with a pseudo-
halide ion, are facilitated by raising the temperature, it is
probable that the first step in the reduction of the butyldiaz-
enido complex is the replacement of bromide ion by methoxide
ion:

MOBF(N2C4H9)(dppC)2 + B(OCH3)4_
— Br~™ + B(OCHj3)3 + Mo(OCH;3)(N2CsHo)(dppe)s  (6)

Replacement of the relatively soft bromide ion by the much
harder oxygen atom of a methoxide ion will raise the energy
level of the molybdenum d orbitals and cause the metal to feed
more electron density into the diazenido ligand.3* Undoubt-
edly, molybdenum provides the six electrons required for re-
duction of the butyldiazenido ligand to ammonia and butyl-
amine.

The source of hydrogen atoms during hydrogenolysis re-
mains uncertain. Our data show that all borohydride ion has
been converted to tetramethylborate ion long before any for-
mation of nitrogen base occurs, which proves that a boron
hydride species is not the hydrogen source. In reactions in
which borohydride ion is not completely consumed (namely,
in ethanol solution) MoH4(dppe)s is isolated. No reduction
occurred when 5 was heated alone in a i:1 benzene-methanol
solution. This means that methanol alone cannot be the initial
source of hydrogen during the reduction. However, it says

GC-MS. # Reduction of WBr(N,C4Hos)(dppe),. * Not determined;
butylamine identified by GC-MS. ?Reduction of Mo-
Br(N,CH>COOC;Hs)(dppe),. / Not determined.

nothing about methanol as a hydrogen source at a later stage
in the reduction pathway. [t is known that alcohols can function
as sources of hydrogen in reactions with transition-metal
complexes,3® and base often promotes these reactions. The
hydride ion transfer from the alcohol or alkoxide ion produces
an aldehyde or ketone.

Reactions in which sodium methoxide was reacted with 5
gave two interesting results. First of all yields of nitrogen base
were significantly lower than when “sodium borohydride-
methanol” was used. Secondly, varying quantities of cis-
Mo(CO)a(dppe), were isolated. The reduced yield of nitrogen
base may be the result of methoxide ion degradation of 5 to
liberate dinitrogen in competition with hydrogenolysis of the
alkyldiazenido ligand. A second reason for the better yields of
nitrogen base when “sodium borohydride-methanol” was used
could arise if tetramethylborate ion or methoxyborane species
are more effective hydrogen transfer agents than methoxide
ion or methanol. The formation of the carbonyl complex
suggests that methoxide ion is behaving as a hydride ion source
producing formaldehyde which is able to transfer two hydrogen
atoms and form carbon monoxide.

Perhaps the easiest way of accounting for the formation of
butylmethylamine is to allow for the production of formalde-
hyde (vide supra) which is known to react at elevated tem-
peratures with primary and secondary amines to give /NV-methyl
substituted amines.?® An alternative route to butylmethyla-
mine would involve a methyl group transfer from a methoxy-
borate species to the coordinated butyldiazenido ligand or a
reduced form of the ligand. Alkoxyboranes are known to be-
have as alkylating agents in the presence of Lewis acids or
strong anhydrous proton acids.?” However, if this were the
mechanism, higher yields of the secondary amine might be
anticipated.

Similar reduction reactions using sodium borohydride in a
benzene-methanol solvent system have been carried out with
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Mol(N2CgHyp)(dppe)s, WBr(N,CsHg)(dppe)s, and Mo-
Br(N,CH,COOC,Hjs)(dppe),;. Only ammonia was analyzed
for quantitatively in all three cases (see Table II1). The yield
of ammonia was considerably lower in the tungsten compound
compared with its analogue 5.

Studies are underway that will hopefully provide a more
complete picture of the mechanism of this reaction.3# One final
point: ammonia and amines are formed during the reaction and
are not the result of the acid hydrolysis of the final reaction
mixture.
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