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Borane B—C Bond Cleavage by a Low-Coordinate Iron Hydride
Complex and N—N Bond Cleavage by the Hydridoborate Product
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The iron(ll) hydride dimers [BFefu-H)FelR] (LMe = 2,4-bis(2,6-diisopropylphenylimino)pent-3-yl;
L®Bu= 2 2 6,6-tetramethyl-3,5-bis(2,6-diisopropylphenylimino)hept-4-yl) abstract hydrocarbyl groups from
BR'; (R = Et, Ph) to give IFFeR and LRFe(u-H),BR',. Mechanistic studies with R= R' = Me are
consistent with a process in which the hyride dimer opens oneHHgond, and subsequent1 bond
formation is concerted with dissociation of an-He unit. Cleavage of boroncarbon bonds is likely to
proceed at least in part from transient quaternary borate anions formed through disproportionation of
HBEt; ™. In a separate bond-breaking reactioM®Ee(u-H),BEt, reacts with NH, to form a 1:1 adduct,
which has been crystallographically characterized. Upon heating, it ejeéteril the bridging hydrides
and cleaves the NN bond to form the diaminoborate compleXdEe(u-NH,).BEt,. These novel bond-
breaking reactions are facilitated by the low coordination number at the iron(ll) center.

N

Introduction

In addition to their classic roles as intermediates in homo-
geneous catalytic reactions of organometallic compléxes)
hydrides have been postulated to be reactive intermediates in
the mechanisms of hydrogenas@ad nitrogenasenzymes. We
have become especially interested in exploring the chemistry
of unsaturated hydride complexes of the late transition metals

A

because of the juxtaposition of the reactive-M functionality
and an open coordination site for substrate binding.

We have used bulky-diketiminate ligands (Figure 1) to
enable the synthesis of the only known three- and four-
coordinate iron hydride complexé8.These unsaturated iron
hydrides, IRFe(-H).FelR, are prepared from reactions between
iron(ll) chloride complexes and potassium triethylborohydride
(egs 1 and 2).

[LMFeCI}, + 2KHBEt, —
LMFew-H),Fel (1a) + 2 BEt; + 2 KCI (1)

L®YFeCl+ KHBEt, —
0.5 L"®Fe(u-H),Fel™® (1b) + BEt, + KCI (2)

Although both iron hydride compounds exist as dimers in the
solid state, they behave differently in solution:BYEe -
H),Fel®BU dissociates into monomers in solutitinyhile only
the dimer is observed in solutions of'tFe(u-H),FeLMe 4> One

<,

LtBI.l

q
)

Figure 1. Diketiminate ligands B, where R indicates the sub-
stituent on the BCsz backbone.

iron hydride complexes: long reaction time30 min at room
temperature) or heating leads to the formation of red products
instead of the brown iron hydride complexes. Here, we report
that the iron hydride complex reacts with the byproduct BEt
to give an iron dihydridoborate complex and an iron ethyl
complex (Scheme 1).

The reaction in Scheme 1 features migration of a boron-bound
hydrocarbyl group. Boron-to-carbon migrations have precedent
in the organic chemistry literature, where alkylboranes have been
utilized for forming N—=C or C-C bonds to nucleophiles that
contain a potential leaving group (e.g., deprotonatéthloesters
or carbon monoxid€d In these reactions, trialkylborane initially
attacks the nucleophile to form a quaternary adduct, and one of
the boron R groups subsequently migrates to the adjacent N or

phenomenon caught our attention during the preparation of theC, displacing a leaving group. The migration of hydrocarbyl
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Scheme 1 Scheme 3
[LRFeCI], H BRs
+ — LRFe{" TFelR Et-g-BEt, + 2KCl . &" . 80°C _ ,
2KHBEt, W N _H-_N To2en Mo _H< RN
S (N,Fe\H/FeN:)} (N,Fe\H/BR2 + (N,Fe—R
} R . toluene g, R
H Et i 6 % 4\@ /T@
LRFe<H>B<Et + LRFe—Et 1 2 3
R'=Me (1a) R'=Me R'=Me
Scheme 2 R' = tBu (1b) R = Et (2a) R = Et (3a)
Pa(0 Ph (2b) Ph (3b)
R'-R? © R?X R'=tBu R=tBu
R = Et (2c) R = Et (3c)
Results and Discussion
______________________________________________ Formation of the Dihydridoborate Complex from L RFe-
R2-Pd(Il)-R R2-P(Il)-X (u-H)2FeLR and BEts. Reaction of the iron hydride dimers
; LRFefu-H),FelR (LR = -diketiminate ligands shown in Figure
: 1; lawith R = Me and1b with R = 'Bu) with 1 molar equiv
of BR3 (R = Et, Ph) in toluene at 80C for 22 h leads to an
: XM R'M equimolar mixture of a four-coordinate hydridoborate complex,
""""""""""""""""""""""""""" LRFe@-H),BR'; (R = Me, R = Et 2aor Ph2b; R = Bu, R
U = Et 20), and an iron alkyl complex®FeR (R = Me, R = Et
--------------------------------------------------------- 3aor Ph3b; R='Bu, R = Et3c).!! These reactions are shown
b /Y NaOBu o le e in Scheme 3. Reaction dfa with B(OEt); and B(iBu} gave
| R—B — R '3"?_0 Bu BuUO—B=0Bu multiple unidentified products, and these reactions were not

; Y Y pursued further.

i >,< ?tBU S f '?1 The alkyliron compounds3a and 3c were identified by
Pd—R2 YO T Pd—R? Pd—R? comparison to their knowdH NMR spectra (they can be
i NaO'Bu  NaX prepared independently from fEeCl}, (n = 1 or 2) and

--------------------------------------------------------- ; Grignard reagentsf. The new complex MeFePh 8b) was
previously unknown, and so it was generated from the reaction
groups from boron to a transition metal is also a key step of of [|_MeFe(,-Cl),FeLMe] with PhMgCl. Its spectroscopic features
the SUZUk‘i‘MiyaUra reaction,the transmetalation of the organo- gnd X_ray Crysta| structure (See Experimenta| Section for
boron compound to form organopalladium species (Scherfie 2). spectroscopy and Supporting Information for solid-state struc-
Interestingly, in both organic and organometallic precedents, tyre) are analogous to those for the three-coordinate alkyl
quaternary anionic boron species are the actual alkyl/aryl groupcomplexes. ThéH NMR spectrum of independently prepared
donor. For example, transmetalation from boron to palladium 3p verifies that it is identical to one of the products from reaction
in the Sukuzi-Miyaura reaction is typically promoted by adding  of 12 and BPh.
bz?\ses to form a quaternary borgte anion (Scheme.2, bdittesrh). The new (dihydridoborate)iron(ll) complex&s, 2b, and2c
Since the B-C bond cleavage in Scheme 1 requires no added ere solated in 5972% yield after fractional crystallization
base, and occurs in noncoordinating solvents, we were curiousayay from the iron(ll) alkyl/aryl complexes. The reaction of
to learn whether this reaction is mechanistically distinct from 15 with BEt; was very clean:1la, 2a, and 3a are the only
the palladium reaction, possibly leading to insights on Strategiescompounds observed in tHel NMR spectra of the reaction
for milder cross-coupling reactions. ) mixture. In the other reactions, there were a few unidentified
Few boron alkylations of any sort are understood in great haramagnetic peaks in the crude mixtures, representing side
mechanistic detail? Below, we describe kinetic studies that give products that were removed by crystallization. Each dihydrido-
insight into the mechanism of this transformation. The hydrido- |5 4t complex exhibits a magnetic moment of 4.0(1) to 5.7(1)
borate product also undergoes an interesting reaction With//lB in CeDs solution, indicating a high-spin iron(ll) centeB &
hydrazine to cleave the NN bond to yield a diaminoborate 2). Each'H NMR spectrum covers an extremely wide range
complex. from 100 to—310 ppm, with large chemical shift dispersion as
a result of the paramagnetic iron ion. The proton resonances
were generally assigned from the relative integrations (see
Experimental Section). The six-proton peaks for theBfgbup
and the IMe backbone could be distinguished becauselthe
NMR spectra of MeFe(u-H),BEt; and LBYFe(u-H),BEt; differ
only by the six-proton resonance in th#9.compound and the
18-proton resonance in théPk.compound. The bridging hydride
protons are not observed because of fast relaxation.
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Figure 2. Thermal ellipsoid plot of the molecular structure of
LMeFe(u-H),BEt, (2a). A crystallographicC, axis passes through
Fe and B. Other crystallographic data are in the Supporting
Information.

Table 1. Important Bond Distances and Angles for
Dihydridoborate Complexes in This Work
Fe-H (&) B—H (&)

1.74(2) 1.35(2)
1.72(2), 1.72(2)  1.28(2), 1.19(2)
1.74(2), 1.73(2)  1.26(2), 1.21(2)

Fe-B (A)

2.237(3)
2.239(2)
2.232(1)

complex
LMeFe(u-H),BEt, (2a)
LMeFe(u-H),BPh, (2b)
L®BUFe(u-H),BEt (2¢)

A single crystal of each iron dihydridoborate complex was
grown from pentane. The solid-state structureafis shown

Organometallics, Vol. 26, No. 13, 208219

Table 2. Effect of [BEts] on Observed Rate Constant

initial concentrations (mM) observed rate constant

entry 1 BEts Kobs (S7%)
1 6.4 64.8 2.2(4)x 10
2 6.4 129.6 4.7(2x 103
3 6.4 259.0 9.4(2x 10

BH.R4—n~ (n = 1—4, R = H or alkyl) complexes are much
less common than borohydride (BH complexes® Known
examples of MHBR, complexes typically come from double
metathesis reactions of a metal chloride complex with an alkali
metal salt of HBR; (Rz = H2,16 CsHio, CgH14,17 and Eﬁl‘r’b’la.

In some literature cases, theBEt,~ group was present from
impurities in commercial HBEt .15018.1%ere, the hydridoborate
product is formed from cleavage of the—& bond of a
trialkylborane, anchot from a dihydridoborate impurity in the
starting material (see below).

Reaction of LMeFe(u-H),FelLMe with BR3: Rate Law and
Activation Parameters. We used the reaction ofMeFe(u-
H).FelMe (1a) with BEt; as the subject of kinetic studies because
of the simple'H NMR spectra of the starting material and the
exceptionally clean reaction. Using an internal integration
standard (BYFeCl) in a sealed capillary, we verified that the
spectroscopic yields of products are 95% and 99% ¥sFe (-
H),BEt, (2a) and LMeFeEt @a), respectively. In the kinetic
experiments, various amounts @&h and BEg§ (>10 equiv
relative to 1a) were mixed in @Dg and held at various
temperatures between 6.5 and 59 Complexe<a and 3a
were the only products observed By NMR spectroscopy. The
integrations of the peaks at 184, 17 a), and—11 ppm @a)
were followed as a function of time and invariably showed
exponential decays. The rate constant was independent of [Fe]
when a drop of liquid mercury was added to the reaction
mixtures. Without the mercury, we observed a slight decrease

in Figure 2 as an example, and others may be found in the in Kobsfrom 3.97(7)x 1073 s™* to 2.51(2)x 1073 s™* with an

Supporting Information. The bridging hydride ions were located

increase of 1] from 11.1 mM to 42.3 mM. With added Hg

and refined with an isotropic thermal parameter in each structure the derivedkopsshowed no clear trend when changirgj[from

(the two hydrides are crystallographically distinct, except in the
case of IMeFe(u-H),BEt,, where the hydride positions are related
by aC, axis). Including the two FeH bonds, each iron center
has a pseudotetrahedral geometry with aHelistance of about
1.7 A (Table 1). Although the FeB distances are relatively
short (ca2.24 A), we do not postulate any direct-F@ bonding
interaction because the two atoms are held in proximity by the
bridging hydride!® The B—H distances range from 1.19(2) to
1.35(2) A, which is comparable to the average—M—B
distance of 1.24 A in the Cambridge Structural Database.
The formation o2 and3 is the result of an interesting-BC
bond cleavage. Previous examples of® cleavage are most
often from nucleophilic borates, rather than from borakies.
complexes with covalently bound hydridoborate ligands,

(13) Mehn, M. P.; Brown, S. D.; Paine, T. K.; Brennessel, W. W.;
Cramer, C. J.; Peters, J. C.; Que, L.,Dalton 2006 1347-1351.
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15, 325-329. (b) Siegmann, K.; Pregosin, P. S.; Venanzi, L.Qfgano-
metallics1989 8, 2659-2664. (c) Thaler, E. G.; Caulton, K. @rgano-
metallics199Q 9, 1871-1876. (d) Aresta, M.; Quaranta, E.; Tommasi, |.;
Derien, S.; Dunach, EDrganometallics1 995 14, 3349-3356. (e) Spence,
R. E.; Piers, W. E.; Sun, Y.; Parvez, M.; MacGillivray, L. R.; Zaworotko,
M. J. Organometallics1998 17, 2459-2469. (f) Lee, L. W. M.; Piers, W.
E.; Elsegood, M. R. J.; Clegg, W.; Parvez, Mrganometallics1999 18,
2947-2949. (g) Plénik, C. E.; Liu, F.-C.; Liu, S.; Liu, J.; Meyers, E. A,;
Shore, S. GOrganometallics2001 20, 3599-3606. (h) Schebler, P. J.;
Mandimutsira, B. S.; Riordan, C. G.; Liable-Sands, L. M.; Incarvito, C.
D.; Rheingold, A. LJ. Am. Chem. So2001, 123 331-332. (i) Hayes, P.
G.; Piers, W. E.; Parvez, MOrganometallic®2005 24, 1173-1183.

20 mM to 40 mM. Therefore, subsequent trials were run with
a drop of mercury, which presumably amalgamates trace
metallic iron.

For consistency, the following use exclusively the rate
constants derived from following the decreasdafTable 2).
The rate has a first-order dependence ba] [as evident from
its exponential decay and the constancy of the rate constant upon

(15) (a) Marks, T. J.; Kolb, J. RChem. Re. 1977, 77, 263-93. (b)
Ghilardi, C. A.; Innocenti, P.; Midollini, S.; Orlandini, Al. Organomet.
Chem.1982 231, C78-C80. (c) Ghilardi, C. A.; Innocenti, P.; Midollini,
S.; Orlandini, A.J. Chem. Soc., Dalton Tran985 605-9. (d) Jia, G.;
Lough, A. J.; Morris, R. HJ. Organomet. Chen1993 461, 147-56.
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2005 44, 8650-8652.

(17) (a) Liu, F. C.; Plecnik, C. E.; Liu, S; Liu, J.; Meyers, E. A.; Shore,
S. G.J. Organomet. Chen2001, 627, 109-120. (b) Liu, F.-C.; Chen, J.-
H.; Chen, S.-C.; Chen, K.-Y.; Lee, G.-H.; Peng, S.-MOrganomet. Chem.
2005 690, 291—300.

(18) (a) Fryzuk, M. D.; Lloyd, B. R.; Clentsmith, G. K. B.; Rettig, S. J.
J. Am. Chem. Sod.994 116 3804-3812. (b) Galler, J. L.; Good-child,
S.; Gould, J.; McDonald, R.; Sella, Rolyhedron2004 23, 253-262. (c)
Crestani, M. G.; Munoz-Hernandez, M.; Arevalo, A.; Acosta-Ramirez, A.;
Garca, J. J.J. Am. Chem. So@005 127, 18066-18073.
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tion metal hydride complexes: (a) Baker, R. T.; Ovenall, D. W.; Harlow,
R. L.; Westcott, S. A.; Taylor, N. J.; Marder, T. BrganometallicsL990Q
9, 3028-3030. (b) Baker, R. T.; Calabrese, J. C.; Westcott, S. A.; Marder,
T.B.J. Am. Chem. S0d995 117, 8777-8784. (c) Essalah, K.; Barthelat,
J.-C.; Montiel, V.; Lachaize, S.; Donnadieu, B.; Chaudret, B.; Sabo-Etienne,
S.J. Organomet. Chen2003 680, 182-187. (d) Westcott, S. A.; Marder,

T. B.; Baker, R. T.; Harlow, R. L.; Calabrese, J. C.; Lam, K. C,; Lin, Z.
Polyhedron2004 23, 2665-2677.
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-8 Table 5. Solvent Effect on Rate Constarit
9 y = 24.053-10973.86x dielectric  [BEty] [14]
solvent constant  (mM) (mM) Kobs (571)
-104 R =0.9969 CeDs 2251 419 211 3.33(1x 103
THF-dg 7.472 419 23.2 5.77(5x 1073
-11 4 75%0-CgHsF2 + 11.2¢ 419 24.5 2.57(3x 1073
g 25% GsDs
-12 4
z a8 Monitored at 40°C. These experiments were performed without
134 mercury, and therefore the rate constants differ slightly from those in Table
4.5 The dielectric constant for the mixed solvent is estimated as the weighted
144 average of 14.26 (pure-C¢H4F2)2 and 2.25 (pure Dg).
-15 Scheme 4
T T T T T T T H Et--BEt Et-B H
0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 A LFe” Fel k. Y ”,’ ﬁ, i 2
T (K'Y AT k4 LFe-(; FelL LFe H FelL
Figure 3. Eyring plot for the reaction ofla + BEt; to give 2a 1a l
and3a

H
LFe-Et+ LFe  BE,
Table 3. Effect of [1a] on Observed Rate Constarit H

initial concentration (mM) observed rate constant 3a 2a
entry la BEt; Kobs (S7%) 4qcl hanisti h |
1 116 218.8 6.58(2y 102 B—C Bon Ceavgge. Mechanistic HypothesesSevera
2 20.8 418.8 4.59(2 1073 reasonable mechanisms can be proposed for th€ Bond
3 30.8 418.8 4.52(4x 10°3 cleavage reaction. We do not consider mechanisms in which
4 41.6 418.8 4.27(8x 1073 BR; undergoeg-hydride elimination because the reaction is
aFor the effect of changes irLf] in the absence of mercury, see the equally facile with BPB, for which -hydride elimination is
Supporting Information. impossible. Moreover, independent experiments show thaf BEt

and 1-hexene do not react when heated Zoh at 80 °C,
indicating that borane alkyl groups do not undergo substantial
pB-hydride elimination under the conditions of the reactions in

Table 4. Rate Constants with Variation of R Groups on the
Diketiminate and Borane?

pseudo-first-order

iron hydride reagent BReagent rate constarkops(s™1) Scheme 3. ) ) )
LVeFeg-H),Fele (1a) BEG 3.092)x 102 _ The mech_an_lsms con5|_dered he!re are grogped into catego-
LMeFe(-H),FeLMe (1a) BPh 8.91(5)x 103 ries: dissociation of the iron hydride dimer into monomers
LtBuFe(-H),FeltBU (1b) BEts 4.8(2)x 1073 before reaction with boraneAj, concerted FeH and B-C

cleavage with B-H formation_@, C, D), and formation and

a[BR3] = 0.419 M, [LRFe-H).FelR] = 26 mM, T = 40 °C. . _ . = - : .
[BR3 [FFef-HyFel disproportionation of a transient iron triethylborohydride species

variation of [La]) and a first-order dependence on [BHfrom E B).
the linear dependence of the pseudo-first-order rate constant on Dissociation of 1a into Monomer.MechanismA (Scheme
BEt; concentration). Therefore, the rate law is 4) illustrates the potential dissociation of the iron hydride dimer
as part of the mechanism. A mechanism of this type was strongly
rate= —d[1al/dt = k[ 18][BEt,] 3) implicated in the reaction of B“Fe(u-H),FeL®Y with 3-hexyne,

where a zero-order dependence on alkyne concentration indi-
The second-order rate constant at room temperature {€).5  cated an intramolecular rate-limiting step prior to any interaction
was 4.9(1) x 104 M~1 s1 Activation parameters were with alkyne? However, in the reaction with borane described
calculated from an Eyring plot of second-order rate constants here, hydride dissociation can be ruled out because it does not
from 6.5 to 59.7°C (Figure 3), givingAH* = 21.8 + 0.8 predict the observed rate law. Mechanigmwould lead to a
kcatmol~t andAS = —1 + 2 eu?° zero-order dependence on [BEf k; (dimer dissociation) were
Table 4 shows that varying the steric demands of the rate-limiting or a half order dependence dmy[if k, (attack of
diketiminate ligand and BRgives rate constants of the same borane) were rate-limiting.
magnitude, which slightlyncreasewith a larger borane (BRh
or diketiminate ligand (Y). Therefore, there is only a small A, k, rate limiting: rate= k;[14] 4)
steric influence on the reaction rate. -
Finally, the reaction ofawith BEt; was repeated in different A, k, rate limiting: rate= k,[LFeH][BEt;] =
polar solvents (75%-difluorobenzene/25% §Dg or THF-dg). U2 a 21/2
We observed a small increase in rate constant using THF, but kKeq T1a]"[BEt;] whereKq, = ky/k_; (5)
no increase in a more polar mixture efdifluorobenzene and
benzene (Table 5). The similarities in rate with a more polar  The time course of the concentration bd is inconsistent
solvent mixture suggests that charged species are not formedyith a half-order dependence of the rate da]
in the rate-limiting transition state (see below). The rate increase  concerted Mechanisms.n mechanisnB (Scheme 5)la
in THF may be from coordination of THF to intermediates, but eacts with BE¢in an initial rate-limiting step. While the empty
the nature of this interaction was not queried further. boron p-orbital interacts with the bridging hydride, the nucleo-
(20) Activation parameters derived from experiments without gtye .phlhc boron-bound al_kyl group Slmultane‘ously approachesﬁthe
similar values ofAH* = 21.6 + 0.7 kcal/mol andASF = 2.3 + 0.6 eu. iron atom of 1a. This resembles thec“bond metathesis
This suggests that the reaction profile is the same in the presence’of Hg mechanism that explains-GH activation reactions by%metal
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Scheme 5
+
Et;B_ Etz BEt,
H Et PN o-bond / Et
B /N H. metathesis H
LFe\ /FeL R LFe/ \FéL —> L Fe' /FeL
H N H
H
1a
BEt,
H/ H
— |/ Bt — LFel  “BEt + LFeEt
LFe, e
H FelL
2a 3a
Scheme 6
H H H---BEt, *
7 SreL==LFe” _FelL + BEt ; .
c LFe\H/FeL‘_LFe\H/ eL + 3 — |LFe, /Et
H---FeL
1a
H—BEt, ,
— > LFe Bt — LFe< \BEt2+ LFe—Et
e
H FelL
2a 3a
Scheme 7
rds in
H D1 ®
D re? DFel +BEt; —» | .-\ .
- \H/ LFe FelL
1a [HBEL;|®
€]
MTFel ™ rdsin
LFe J ( D2 H
-_— N
HE-LEet — Lrel BEt, + LFe-Et
\ \H/
Et Et
2a 3a

centers* This pathway leads to the observed products after

dissociation of a bridging hydride and is the microscopic reverse

of the reaction of a ruthenium alkyl complex with catechol-

borane through a-bond metathesis mechanigm.
MechanismC, on the other hand, begins with +&l bond

breaking (Scheme 6). After dissociatiogeof the Fe-H bonds,

the “open” isomer leads to a six-membered transition state for

a pericyclic reaction. As long as the initial +&l opening is
rapid and reversible, mechanigdragrees with the experimental
rate law, rate= k[1a][BEt3].

MechanisnD (Scheme 7) starts with rate-limiting abstraction
of “H~" from 1aby the borane, breakirgvo of the Fe-H bonds
and forming free HBEt . Previous researchers have observed
alkyl group transfers from horateto a metal center, which is
more common compared to group transfer froorane spe-
cies* In analogy, mechanis concludes with transfer of an

(21) Nath, J.; Tripathi, A. DJ. Chem. So¢Faraday Trans1984 1517
1524.

(22) Laurence, C.; Nicolet, P.; Dalati, M. T.; Abboud, J. M.; Notario,
R.J. Phys. Chem1994 98, 5807-5816.

(23) Szulejko, J. E.; Mcmahon, T. Bl. Am. Chem. Socl993 115
7839-7848.

(24) (a) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.;
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, IJ.EAm.
Chem. Socl987 109 203-19. (b) Cundari, T. RJ. Am. Chem. S08994
116, 340-347.

(25) Hartwig, J. F.; Bhandari, S.; Rablen, P.JRAm. Chem. S0d994
116, 1839-1844.
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ethyl group from HBE4~ to iron. The ion pair undergoes a
o-bond metathesis to give the final products. Whether the
hydride abstractionf1) or the recombination of the ion pair
(D2) is rate-limiting, the predicted rate law is the same as
mechanism$ and C: a first-order dependence on botha]

and [BEg], in accord with the observed rate law.

Notably, each of these mechanisms suffers from inconsisten-
cies with other mechanistic data. First, the entropy of activation
near zero is difficult to rationalize in light of the bimolecular
transition states in these mechanisms. In order to outweigh the
expected large negative entropy change from bringing two
molecules together, it is necessary to have a roughly equivalent
release of entropy prior to the rate-limiting step. This situation
is provided only by mechanisn@andD2, where the observed
rate constarigsis actually a product of the equilibrium constant
for cleavage of one or two FeH bond(s) inla (Kre) and the
rate constant for the elementary step consisting of the pericyclic
reaction, Kperi Kobs = Krerkperi. ThereforeASfops = ASeen +
AS*peri. We cannot determine either of these individual entropy
values quantitatively, but it is reasonable to postulate that the
entropy increase from partly opening the crowded dimer
structure ofla (ASe.H) could roughly equal the entroflecrease
of bringing in the borane or borate to reach the transition state
for the pericyclic reactionASer). Molecular models of the
reactants suggest that only an intermediate generated by cleavage
of the FeH, ring (as in mechanisn€ and D2) would have
sufficient space for approach of the borane or borat€®ond.

However, it is difficult to rationalize the similar observed
reaction rate between BEtand BPR if mechanismC is
followed. In the six-membered pericyclic transition state, one
of the R groups from the borate sits between the BRgment
and the IMeFe fragment. Considering the huge hindrance from
the 5-diketiminate ligand, this conformation is expected to have
different steric effects for ethyl and phenyl groups. This
argument, as well as the near-zero entropy of activation, makes
mechanisnC less plausible.

In mechanisnD, we note that an ionic intermediate is formed
in or before the rate-limiting transition state. The rate of
disappearance ofa has very little dependence on solvent
polarity, though polar solvents are expected to stabilize transition
states in which charge is developing. Therefore, the solvent
effect is inconsistent with mechanisin

Borohydride Disproportionation Mechanisms. Commercial
solutions of Super-Hydride (LiHBEY have been reported to
undergo disproportionation to LiBE&nd Li[BH:Et;] at room
temperature over long time periods (ed®)18b.¢26The resulting
Li[BH 2Et;] can lead to HBEt, complexes by metathesis with
a metal chloride. In addition, solutions of LiIHBETHF are
known to react with BEtto give LiBEY and (HBE%),, and
subsequently Li[BRHEt;]'¢26 (eqs 6 and 7).

2LiHBEt, — Li(H,BEt,) + LiBEt, (6)

2BEt; + 2LiHBEt; — (HBEL), + LiBEt, (7
However, the spurious presence of diethylborohydride anions
is not likely to be involved in the reaction dfa with BR3 for
the following reasons. First, our KHBEwas prepared in-house
from KH and BEg in toluene (eq 8) and stored as a solid. The
1B NMR spectrum of this isolated KHBEin CsDg has a single
peak at—16 ppm, with no signs of dihydridoborate or BEt
impurities. Thel’B NMR spectrum of KHBE$ did not show

(26) Smith, G.; Cole-Hamilton, D. J.; Thornton-Pett, M.; Hursthouse,
M. B. J. Chem. So¢Dalton Trans.1983 2501-2507.
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Scheme 8
H k
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H : o X 2 BEts
el LFe t, + LFe t
,BEts - BEty 2 Ky Syt ¢
M Ze P - 2KCl 2 4
LFe., LFeH + LFeHBEt LFe-Et + BEty
H—FeL [LFeCl], + 2 KHBEt, 3a
- rate-determini BEts |l-BEt3
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transition state = fa f ka
H
H K
E LFe< >FeL ‘_k’; LFe< open isomer

H i H—TFel

1a
any change when heated to 8C for 2 h in benzeneds F if RDS is Kk,
(mimicking the conditions of our kinetic experiments). An even
more convincing piece of evidence is our ability to synthesize rate=K',[1a] (11)
LMeFeH,BEt, from la and BE, a reaction in which KHBEt
is not present. Therefore, the presence of potassium diethyl- if RDS is k,

borohydride in our reaction is unlikely, and hydridoborate salts

do not need to be added f@a and3a to be formed.
It is still necessary to consider the transient formation of

trialkylborohydride species later in the pathway. For example,

rate= kK’ Lal[BEt,] whereK' o, =K /K_,  (12)

In mechanisnt with k, as the slow step, the predicted rate

the first step of the reaction might resemble the reaction of alkali law matches that observed experimentally. As shown in Scheme

metal hydrides with triethylborafé(eq 8).

KH + BEt,— KHBEt, (8)
The analogous reaction at iron would involve a nucleophilic
attack of an iron hydride species on BEb form a transient
iron triethylborohydride complex, ¢Fe(HBE%) (center of
Scheme 8). Attack could be from the monomer (mechariym
or from a dimer with one FeH bond opened (mechanisk).
Because VMeFe(HBES) is the presumed intermediate in the
reaction of IMeFeCl and KHBE$ to form LMeFe(u-H).FelMe
+ KCI + BEt; (eq 1, above), steps preceding the formation of
this intermediate are assumed to be reversible (Scheme 8).
Since IMeFe(HBES) is not observed by NMR spectroscopy

8, the hydride dimer first opens acramsly oneFe—H bond to

form an isomer with one terminal hydride and one bridging
hydride. This step must be rapid and reversible. The open isomer
of the hydride dimer reacts with one molecule of BEjoing
through transition stata* to give LMeFeHBE% and LMeFeH.

The LMeFeH monomer rapidly reacts with another molecule of
BEt; to form a second equivalent ofMeFeHBEg. The two
LMeFeHBES% species then undergo disproportionation to give
the final products.

MechanisnF rationalizes the near-zero value for the entropy
of activation, because the transition sta® involves the
dissociation of one FeH bond and the formation of one-B4
bond. As such, it bears a resemblance to the transition state for
an interchange mechanism for substitution at a transition-metal

during any reaction, this intermediate must be consumed very complex (the intermediate category between associative and

quickly (kg andk; are large). Assuming thatMeFe(HBES) is
an intermediate on the way to YEFe(u-H),FelLMe], in eq 1,
thenk-, andk-; in mechanisnk or F must be larger thaky
(or elsela could not be isolated in the reaction of\{tFeClL
and KHBES). Thereforeky, kp, K'1, or ks is rate-limiting. In other

dissociative substitution reactions). Fqrdr Iy mechanisms,
values ofAS' near zero are commd.

Mechanisn¥ is also consistent with other mechanistic data.
With the opening of one ironhydride bond, th¢-diketiminate
has more space to avoid steric interactions with the borane R

words, the rate-determining step (RDS) must happen before thegroup. This explains the similar observed reaction rate fog BEt

formation of [MeFe(HBES).

Interestingly, these different rate-limiting steps give three
distinct rate laws.

E if RDS isk,

rate= k,[1a] (9)
if RDS is ky,
rate= kK" 1a] "{BEt;] whereK,, = k/k_; (10)

MechanismE predicts a zero-order dependence on HBEt
ki is the RDS or a half-order dependence aa][if k; is the

RDS (eq 10). Neither situation agrees with the observed rate

law.

(27) Brown, H. C.; Krishnamurthy, S.; Hubbard, J.J.Am. Chem. Soc.
1978 100, 3343-3349.

and BPAh. Finally, there are no ionic intermediates prior to the
rate-determining step, which agrees with the lack of a solvent
polarity effect during the reaction. On the basis of the above
analysis, mechanisrit is the one most consistent with all
experimental data.

Because the key disproportionation step (to the right of
LMeFe(HBES) in Scheme 8) lies after the rate-limiting step,
kinetic data are not useful in elucidating its characteristics.
Therefore, we endeavored to independently synthesize
LMeFefBEY, ", the putative intermediate in the reactirFirst,
reaction of [IMeFeCl}, and NaBE} in Et,O leads cleanly to the
formation of LMeFeEt, as observed by4 NMR spectroscopy.
Also, LMeFeEt does not react with Bi¢ven at 120C. This is
a thermodynamic phenomenon rather than a kinetic barrier,

(28) Wilkins, R. G.Kinetics and Mechanism of Reactions of Transition
Metal ComplexesVCH: New York, 1991.

(29) L'BuFe(OE$) "BArF,~ has been reported: Gregory, E. A.; Lachicotte,
R. J.; Holland, P. LOrganometallic2005 24, 1803-1805.
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Figure 4. Titration curve , using the chemical shift of thd NMR
resonance near260 ppm.

because heatingMéFePh to 80C for 3 h with 1 equiv of BE}
gives a mixture of MeFePh and MeéFeEt. These experiments
strongly suggest that transienftFe"BR,~ species are unstable
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Figure 5. ORTEP diagram of the molecular structure &®Ee(;*-
HoNNH,) (u-H).BEt, (4). Aryl groups and G-H are omitted for

with respect to dissociation of borane, as required in the last clarity. Important bond distances (&) and angles (deg)—IF#

step of mechanisrit. In benzene, the ionic species may exist

1.91(2), Fe-H2 1.82(2), Fe-N15 2.214(2), B-H1 1.22(2), B-H2

as a contact ion pair or as a tight ion pair, analogous to a 1.22(2), N15-N25 1.441(2), Fe B 2.350(2), H}-Fe-H2 61.2(9),

crystallographically characterized tight ion pair betwe&fHe"
and (benzyl)B(GFs)s~.%°

In summary, the @ailable kinetic and mechanisticelence
are most consistent with mechanigm in which a transient
ring-opened isomer ofa reacts with BR to give LFeHBR,
which converts into the iron dihydridoborate and iron alkyl
products through the ionic intermediate LFeBR

LMeFe(u-H),BEt, Reactivity with Hydrazine: N —N Bond
Cleavage.Exploration of the reactivity of the dihydridoborate
complex IMeFe(u-H),BEt, (2a) has shown an interesting series
of reactions upon the addition of hydrazine. At room temper-
ature, complex2a reacts rapidly with HNNH, to give a
hydrazine adduct, YFe@;1-H,NNH,)(u-H).BEt, (4), isolated
in 90% vyield. Titration of hydrazine into a solution 2& gave
solutions withH NMR spectra similar to2a but variable

chemical shifts, showing that the bound hydrazine is in rapid

H1-B—H2 103(1).

Scheme 9
HoNNH, +
RT
Ar 5 min
N, /H\S toluene
C "re{ B —>
N7 \H/ ~
‘Ar
2a
NHZ\NHZ 60°C .
.Arl \ 22 hr N/ N2 |
N, H_ . toluene v /N
e Ny » v +H
;N/Fe\H/B¥ iN’Fe\N/B¥ ’
\Ar \Ar Ha
4 5

Ar = 2,6-diisopropylphenyl

exchange with free hydrazine. Proton NMR resonances for theg.12 A to 1.22(2) A, comparable to the average value for
N-bound protons are not seen because of their proximity to the |iterature hydridoborate complexes (see Supporting Information).

paramagnetic metal center.

The binding stoichiometry in solution can be determined by
adding small aliquots of hydrazine ®a and measuring the
change in the!H NMR spectrum after each addition. The
chemical shift of peaks near260 and 19 ppm vary depending
on the ratio of HNNH, and2a (Figure 4 shows the behavior
of the peaks nea+260 ppm as an example). The intersection
of the initial line (deficiency of hydrazine) and final line
(deficiency of2a) shows that the two molecules bind in a 1:1
stoichiometry in solution.

In the X-ray crystal structure oft (Figure 5), the 1:1

The FTIR spectrum oft shows two bands at 3368 and 3333
cm~1, which shifted to 2519 and 2493 cthwhen N.D4 was
used (calculated from harmonic oscillator: 2460 and 2434
cm™Y). Therefore, these are assigned asHN(N—D) stretching
vibrations?

Well-characterized complexes of iron with Bnd its partial
reduction products M, and NH,4 are rare. A search of the
Cambridge Structural Database showed only eight examples of
Fe—N;H,4 species?3 The Fe-N distance in our complex is
2.214(2) A, which is comparable to the average value of 2.14(3)
A for the known iron-hydrazine adducts. The-\N distance

stoichiometry is also evident. The hydrazine ligand binds to the in 4 also agrees well with the average literature value of 1.448(3)

iron atom in ap® mode and points toward the diketiminate. The
bridging hydrogen atoms were again located in Fourier differ-

A for bound NoHa.
After heating a solution od in toluene at 60C for 22 h, the

ence maps, and their positions were refined. The geometry ofnew complex MeFe(u-NH,),BEt, (5) can be isolated in 57%

the five-coordinate iron atom is intermediate between ideal

square-pyramidal and trigonal-bipyramidal witk= 0.4331 With
the higher coordination number at iron, the-F¢ distances

(32) In the literature, the number of observed N stretching vibrations
in Fe—NH, species varies from two to five. (a) Sellmann, D.; Kreutzer,
P.; Huttner, G.; Frank, AZ. Naturforsch., B: Chem. Sd978 33B, 1341~

increase to 1.82(2) and 1.91(2) A, which are about 0.1 A longer 1346. (b) Casey, M. T.; Guinan, P.; Canavan, A;; McCann, M.; Cardin, C.;

than those inl. Accordingly, the H-B distances decrease by

(30) Sciarone, T. J. J.; Meetsma, A.; Hessen, B.; Teuben, Chdm
Commun 2002 1580-1581. The equilibrium betweeneFe(benzyl)+
LMeFer[BnB(CsFs)s] ~ lies to the right.

(31) This parameter is 1 for trigonal bipyramidal, and 0 for square
pyramidal. Addison, A. W.; Rao, T. N.; Reedijk, J.; Van Rijn, J.; Verschoor,
G. C.J. Chem. Soc., Dalton Tran$984 1349-1356.

Kelly, N. B. Polyhedron1991, 10, 483-489. (c) Sellmann, D.; Soglowek,
W.; Knoch, F.; Ritter, G.; Dengler, Jnorg. Chem1992 31, 3711-3717.
(d) Sellmann, D.; Shaban, S. Y.; Heinemann, F.BMr. J. Inorg. Chem.
2004 4591-4601.

(33) (a) Sellmann, D.; Blum, N.; Heinemann, F. \&. Naturforsch. B
2001 56, 581-588. (b) Sellmann, D.; Friedrich, H.; Knoch, .
Naturforsch. BL994 49, 660-664. (c) Goedken, V. L.; Peng, S.-M.; Molin-
Norris, J. A.; Park, Y.-AJ. Am. Chem. Sod976 98, 8391-400. (d) Rath,
S. P.; Olmstead, M. M.; Balch, A. Lnorg. Chem2004 43, 6357-6365.
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Figure 6. ORTEP diagram of the molecular structure 6®Ee(u-
NH,).BEt; (5) (aryl isopropyl groups and hydrogens are omitted
for clarity). There is a crystallographic; axis through Fe and B.
Important bond distances (A) and angles (deg)—Ré 2.064(2),
Fe—N1A 2.064(1), B-N1 1.571(8), B-N1A 1.577(8), Nt--N1A
2.4589(31), N+ Fe—N1A 73.12(9), Nt--B—N1A 102.5(3).

yield (Scheme 9). The solid-state structureSofs shown in
Figure 6. Interestingly, the NN bond has been cleaved {N\
= 2.459(3) A) to yield a diaminoborate complex. The IR
spectrum shows aingle N—H stretching band at 3393 crh
which shifts to 2494 cm! in the compound synthesized from
N2D4. Most complexes containing M{NH,),M fragments
exhibit two N—H stretching bands between 3100 and 3300
Cm_1.34

The observation of only one \H stretching band suggests
a possible alternative formulation f&, LMeFe(u-NH),BEt,.
However, this formally iron(IV) complex seems less likely for

Yu et al.
Scheme 10

HoNNH, Hp
/H\ /N\

M M unidentified

L eFe\ /BEtz —> LY%Fe /BEI2 + He v N iron species

H N
Hy
mol 1 0.6 1.8 0.4 0.4

Supporting Information for details), inconsistent with the
diimidoborate formulation.

We have no definitive explanation for the observation ef H
in excess of the amount predicted by the stoichiometry of the
reaction in Scheme 9. No substantial amount pids produced
in control experiments whera was heated with hydrazine.
However, it is important to note that the spectroscopic yield of
5is only 60% (from an NMR experiment with internal standard).
A substantial amount of a black precipitate is formed along with
5. It seems possible that the remaining 0.4 equiv of hydrazine
is disproportionated to Hand N by the iron byproducts, with
complete disproportionation giving the limiting stoichiometry
in Scheme 10. The rough agreement with the observed H
production supports this speculation.

Becauset has hydrogens in the hydride bridges as well as
the bound hydrazine, a final question regards the source of the
N—H protons in5. Importantly, the synthesis & from N,D4
gave a product with no NH peak and a new ND peak in the
infrared spectrum. This observation indicates that atHN
protons in5 derive from hydrazine and that the bridging hydrides
in 4 are released as Hipon heating. Although the unknown
nature of some products dissuades us from further mechanistic
studies, one can speculate a mechanism where loss fobi
4 generates unsaturation at iron and boron. This would enable
coordination of the free lone pair on the bound hydrazine,
followed by N—N cleavage to givé. However, we stress that
other mechanisms are also consistent with the limited data.

A few literature examples report the cleavage of hydrazine
N—N bonds with metal-containing clusters, often through
formation of bridging NH or NH.37 There are even fewer
complexes that cleanly perform this reaction with two or less
metals®® Here, the Fe-N interactions are reinforced by the low-

several reasons. First, all examples of tetrahedral iron(IV) in coordinate environment, which creates strong bonds to elec-
the literature are low-spin and supported by strongly donating tronegative groups, as we have demonstrated previéasly.

terminal nitride or imide ligand® The solution magnetic
moment of5 is 4.8(1)ug, which is more consistent with a high-
spin Fé* complex (high-spin F& is unlikely). Second, each
of the four N-bound H atoms was clearly visible in Fourier maps
from the X-ray diffraction experiment and was refirédkinally,

the alternative formulation implies that 2 equiv of; lre

produced in the reaction. Using gas chromatography, we

determined that only 1.6 0.03 equiv of H is produced (see

(34) (a) Janik, J. F.; Duesler, E. N.; Paine, Rlrlorg. Chem1987, 26,
4341-4345. (b) Park, S.; Rheingold, A. L.; Roundhill, D. Mdrgano-
metallics1991, 10, 615-623. (c) Alcock, N. W.; Bergamini, P.; Kemp, T.
J.; Pringle, P. G.; Sostero, S.; Traverso,l@rg. Chem1991, 30, 1594-
1598. (d) Kormos, B. L.; Jegier, J. A.; Ewbank, P. C.; Pernisz, U.; Young,
V. G., Jr.; Cramer, C. J.; Gladfelter, W. I. Am. Chem. So@005 127,
1493-1503. (e) Stanciu, C.; Hino, S. S.; Stender, M.; Richards, A. F.;
Olmstead, M. M.; Power, P. Pnorg. Chem 2005 44, 2774-2780.

(35) (a) Verma, A. K.; Nazif, T. N.; Achim, C.; Lee, S. @. Am. Chem.
So0c.200Q0 122 11013-11014. (b) Betley, T. A.; Peters, J. &.Am. Chem.
Soc.2004 126, 6252-6254. (c) Thomas, C. M.; Mankad, N. P.; Peters, J.
C.J. Am. Chem. So@006 128 4956-4957.

Conclusions

We have discovered an interesting series of borane alkyl-
ations/arylations of iron hydride complexes, which give iron
hydridoborate products. Kinetic studies have been unusually

(37) Selected NN bond cleavage by metal clusters: (a) Coucouvanis,
D. J. Biol. Inorg. Chem1996 1, 594-600. (b) Shan, H.; Yang, Y.; James,
A. J.; Sharp, P. RSciencel997, 275 1460-1462. (c) Verma, A. K.; Lee,

S. C.J. Am. Chem. So&999 121, 10838-10839. (d) Seino, H.; Masumori,
T.; Hidai, M.; Mizobe, Y. Organometallics2003 22, 3424-3431. (e)
Nakajima, Y.; Suzuki, HOrganometallic003 22, 959-9609. (f) Nakajima,
Y.; Inagaki, A.; Suzuki, H.Organometallics2004 23, 4040-4046. ()
Takei, |.; Dohki, K.; Kobayashi, K.; Suzuki, T.; Hidai, Mnorg. Chem.
2005 44, 3768-3770.

(38) N—N bond cleavage by mononuclear complexes: (a) Schrock, R.
R.; Glassman, T. E.; Vale, M. G.; Kol, M. Am. Chem. S0d.993 115
1760-1772. (b) Vale, M. G.; Schrock, R. Rorg. Chem1993 32, 2767
2772. (c) Ohki, Y.; Takikawa, Y.; Hatanaka, T.; Tatsumi, ®rgano-
metallics2006 25, 3111-3113. By dinuclear complexes: (d) Schollham-
mer, P.; Petillon, F. Y.; Poder-Guillou, S.; Saillard, J. Y.; Talarmin, J.;

(36) In our refinements, the positional parameters and thermal parameterMuir, K. W. Chem. Communl996 2633-2634. (e) Schollhammer, P.;
for each hydrogen atom were constrained with respect to the nitrogen atom.Guenin, E.; Petillon, F. Y.; Talarmin, J.; Muir, K. W.; Yufit, D. S.
If the occupancy of these hydrogen atoms was set to one-half (to considerOrganometallics1998 17, 1922-1924. (f) Petillon, F. Y.; Schollhammer,
the possibility of two disordered NH bridges), the thermal parameters for P.; Talarmin, J.; Muir, K. WInorg. Chem1999 38, 1954-1955. (g) Lin,
the hydrogen atoms were plainly smaller than those for the parent nitrogen C.-J.; Hwang, W.-S.; Chiang, M. Y. Organomet. Chen2001, 640, 85—
atom, suggesting that insufficient electron density was being modeled and 92. (g) Shaver, M. P.; Fryzuk, M. DJ. Am. Chem. So005 127, 500~

that a full H atom was required in each position.

501.
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informative, showing that the most likely mechanism proceeds 4H could be BEtCH,, m-H, or'Pr methine. Peaks for the backbone
through attack of a ring-opened iron hydride species on the H and bridging H were not observed.) UVis (pentane): 299¢(
borane in the rate-determining transition state. In this mecha-= 27.3 mM* cm™1), 398 ¢ = 15.0 mM* cm™?), 554 € = 2.9
nism, the hydride ligand acts as a nucleophile, apparently MM~ cm™) nm. ueii (CeDe, 25 °C): 5.1(1)us. Anal. Calcd for
activating the borane toward transfer of the R group to iron. In CssHsdNoBFe: C, 72.80; H, 9.81; N, 5.15. Found: C, 73.52; H,
addition, the hydridoborate product of the reaction reacts to 9-°2; N, 5.62.

cleave the N-N bond of hydrazine, releasing the two bridging  L"*Fe(u-H)2BPh; (2b). 1a(127 mg, 0.13 mmol) and triphenyl-
hydrides as W The B-C and N-N cleavage reactions borane (32 mg, 0.13 mmol) were dissolved in 20 mL of toluene.

demonstrate the ab|||ty of low-coordinate iron Complexes to The solution was heated at 8C for 18 h. Volatile materials were

(15 mL), filtered, and concentrated to 5 mL. Crystallization from
. . pentane at-26 °C gave red blocks (56 mg, 67%H NMR (500
Experimental Section MHz, CeD¢): 78 (6H, backbone CH), 32 (4H), 17 (4H-4H), —4
(12H, '/Pr CHy), —8 (2H), —40 (12H,'Pr CH), —46 (4H), —52
f2H) ppm. (Peaks integrated as 4H couldPemethine, aryim-H,
phenylo-H, or phenylm-H. Peaks integrated as 2H could be aryl
p-H or phenylp-H. Peaks for the backbone H and bridging H were

General Considerations. All manipulations were performed
under a nitrogen atmosphere using standard Schlenk techniques o
in an M. Braun glovebox maintained at or below 1 ppm gfa@d
H,O. Glassware was dried at 18Q overnight.'H NMR spectra a ) - AN
were recorded on a Bruker Avance 500 spectrometer (500 MHz) Not observed.) UVvis (toluene): 291 = 14.6 mM™ cm™),
at 22°C and referenced internally to residual protiated solvent 398 € = 06'3 mM™t cm™), 567 € = 1.2 mM* cm) nm. e
(CeDsH at 7.15 ppm). Resonances are broad singlets unless(CeDe 25°C): 4.0(1)us. Anal. Calcd for GiHssBFeNs: C, 77.12;
otherwise specified. Infrared spectra (45800 cnvl) were H, 8.05; N, 4.39. Found: C, 76.88; H, 7.85; N, 4.38.
recorded on KBr pellet samples in a Shimadzu FTIR spectro- L®'Fe(-H),BEt, (2c). A Schlenk flask was loaded with a
photometer (FTIR-8400S). A total of 32 scans at 2 &nesolution mixture of L'®'FeCl (722 mg, 1.21 mmol) and KHBE(167 mg,
were collected in each case. Electronic spectra were recordedl.21 mmol) in toluene (50 mL). The mixture was stirred at°80
between 280 and 1000 nm on a Cary 50 tNisible spectro- for 18 h. Volatile materials were removed under vacuum, and the
photometer, using screw-cap quartz cuvettes of 1 cm optical path residue was extracted with pentane (50 mL), filtered, and concen-
length. Elemental analyses were determined by Desert Analytics trated to 10 mL. Crystallization at26 °C gave dark red blocks
(Tucson, AZ). Pentane, tetrahydrofuran (THF), and toluene were (224 mg, 59%)!H NMR (500 MHz, GDg): 71 (6H, BE; CHy),
purified by passage through activated alumina and “deoxygenizer” 42 (1H, backbone), 35 (18H, backbone §H6 (4H),—13 (12H,
columns obtained from Glass Contour Co. (Laguna Beach, CA). 'Pr Chy), —61 (12H,'Pr CH), —66 (4H), —89 (2H, p-H),—313
Deuterated benzene and THF were dried over Ctién over Na/ (4H) ppm. (Peaks integrated as 4H could be BE#,, m-H, or 'Pr
benzophenone, and then vacuum transferred into a storage containemethine. Peaks for the bridging H were not observed.)-Wi
Before use, an aliquot of each solvent was tested with a drop of (pentane): 333¢(= 9.42 mMtcm?), 414 ¢ = 6.82 mMtcm),
sodium benzophenone ketyl in THF solution. Celite was dried 597 € = 1.27 mM* cm™?) nm. uer(CeDs, 25°C): 5.7(1)ug. Anal.
overnight at 200°C under vacuum. Hydrazine, purchased from Calcd for GeHesN-BFe: C, 74.52; H, 10.42; N, 4.46. Found: C,
Aldrich, was dried over KH and vacuum transferred before use. 74.60; H, 10.20; N, 4.34.

KH, purchased for Aldrich as suspensions in oil, was washed with  Complexes3a and 3c have been reported in ref 12.

pentane three times and dried. BEL.O M in hexane) was LMeFePh (3b). The compound was typically synthesized in one
purchased from Aldrich and used without further purification. The fiask from LMeLi and FeC}(THF), s as follows. A resealable flask
preparation and properties of fEFeCl}, [LMFeHE (1), and was loaded with a mixture of ¥eLi (592 mg, 1.4 mmol) and
KHBEt; were previously reported. FeCh(THF), 5 (329 mg, 1.4 mmol) in toluene (20 mL). The mixture

LMeFe(u-H).BEt, (2a) from 1a.A sample ofla(139 mg, 0.147  was stirred at 80C for 22 h. Phenylmagnesium chloride (2.0 M
mmol) was dissolved in 15 mL of toluene. Triethylborane (0.29 in THF, 0.7 mL, 1.4 mmol) was added, and the mixture was stirred
mL of a 1.0 M solution in hexane) was added via syringe to the for 4 h atroom temperature. Solvent was removed under vacuum.
bright red solution. The solution was heated at°@for 14 h. The residue was extracted with pentane (20 mL), filtered through
Volatile materials were removed under vacuum, and the residue Celite, concentrated to 3 mL, and cooled-d5 °C to give bright
was extracted with pentane (15 mL), filtered, and concentrated to yellow crystals (487 mg, 63% yielddH NMR (CgDg, 21°C): 163
5 mL. Crystallization from pentane at35 °C gave bright red (2H, phenylm-CH), 126 (1H, phenyp-CH), 47 (6H, backbone

needles (68 mg, 72%). CHs), 28 (1H, backbone CH);-10 (4H, m-CH), —21 (12H,Pr
LMeFe(u-H),BEt; (2a) from FeCl,. The compound was typically ~ CHg), —82 (2H,p-CH), —118 (4H,/Pr CH),—125 (12H,Pr CHy).
synthesized in one flask fromMeLi and Fe(THF) sCl; as follows. (Phenylo-CH was not observed. Peak assignments were based on

A Schlenk flask was loaded with a mixture of'tLi (1.69 g, 3.98 integrations andH NMR spectra of other knownMéFeR com-
mmol) and Fe(THR)sCl» (0.94 g, 4.0 mmol) in toluene (50 mL).  plexes.) UV-vis (pentane): 325(= 15.6 mM*cm?), 368 ¢ =

The mixture was stirred at 8T for 22 h. All solvent was removed  11.4 mM™ cm 1), 494 ¢ = 1.0 mML cm™%) nm. uerr (CeDs, 25
under vacuum, and a solution of KHBH0.56 g, 4.0 mmol) in °C): 5.2(1)us. Anal. Calcd for GsHeNoFe: C, 76.35; H, 8.42;
toluene (50 mL) was added. The mixture was heated &C3fbr N, 5.09. Found: C, 76.06; H, 8.20; N, 4.99.

4 h. Volatile materials were removed under vacuum, and the residue | mepe(H,NNH,)(u-H),BEt, (4). LMeFeu-H),BEt, (221 mg,

was extracted \{vith_pentane (100 mL), filtered, and concentrated to g 407 mmol) was dissolved in diethyl ether (10 mL). Hydrazine
20 mL. Crystallization at-35°C gave bright red needles (777 mg, (13,1, 0.41 mmol) was added via syringe to the bright red solution.
72%).*H NMR (400 MHz, GDs): 81 (6H, BEb CHs), 46 (6H, The solution was shaken, causing an immediate color change from
backbone Ch), 17 (4H),—4 (12H,'Pr CHy), —36 (12H,'Pr Ch), bright red to orange-pink. The solution was concentrated to 2 mL
—40 (4H), =50 (2H, p-H), —208 (4H) ppm. (Peaks integrated as  and cooled to-35 °C to give bright pink-yellow needles df(212

mg, 90%).:H NMR (400 MHz, GDe): 24 (6H), 19 (4H), 3 (12H,
o S G PN e ). 6 15 12 i G <24 (440 GHp)

L. J. Am. Chem. So@003 125 15752-15753. Vela, J.. Smith, J. M.; yu, 02 (1H, backbone €H), =260 (4H) ppm. (Peaks integrated as
Y.; Ketterer, N. A.; Flaschenriem, C. J.; Lachicotte, R. J.; Holland, B.L. ~ 4H could be BEt CH,, m-H, or 'Pr methine. Peaks integrated as
Am. Chem. So005 127, 7857—7870. 6H could be BEL, CH;z, or backbone Ckl Peaks for the bridging
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H and hydrazine H were not observed.) IR (KBr pellet): 3368tm  data were fitted into the general, integrated equatignt A;
3338 cn1! (N—H). UV—vis (pentane): 29&(= 13.4 mM1cm?), exp(—x/ty), whereyy, Ay, andt; are variablest; being the reciprocal
397 € = 7.5 mMtcml), 552 € = 1.5 mMt cm) nm. wes of the first-order rate constant. Origin 6.1 was employed for the
(CeDs, 25°C): 3.8(1)us. Anal. Calcd for GsHs/NsBFe: C, 68.75; data fitting. The error bars on the rate constant came from the least-
H, 9.97; N, 9.72. Found: C, 68.01; H, 8.83; N, 5.70. The bound squares fit to the data.

hydrazine could be removed by extended pumping under vacuum Kinetic Experiments: Effect of [L MéFeH],. BEt; (1.34 mL,

(i.e., 50% of the hydrazine was removed after 26 h at RT), and we 1.0 M hexane solution) was mixed withsQs (1.86 mL) and used

suspect that this is the reason for the low nitrogen analysis. as a stock solution. A predried J. Young NMR tube was charged
LMeFe(u-NH,),BEt; (5). A sample of IMeFe(-H),BEt, (201 mg, with different amounts ofaand BEt (0.3 mL of standard solution),

0.371 mmol) was dissolved in toluene (15 mL). Hydrazine L4 with a drop of metallic mercury (see text).

0.45 mmol) was added via syringe to the bright red solution. The  Kinetic Experiments: Activation Parameters. In the range

solution was shaken and then heated at®0for 22 h. Volatile 280—-300 K, temperatures in the NMR probe were calibrated using

materials were removed under vacuum, and the residue was100% methanol; in the range 36880 K, 100% ethylene glycol
extracted with pentane (15 mL), filtered, and concentrated to 2 mL. was used for calibrations (Bruker Instruments, VT-Calibration
Crystallization from pentane at35 °C gave brown blocks (121.6  manual).1a (73.7 mg, 77.7 mmol) was dissolved in@s (1.86

mg, 57%).1H NMR (500 MHz, GDe): 57 (4H), 33 (6H), 19 (4H), mL), then BEt (1.34 mL, 1.0 M hexane solution) was added to
2 (12H, 'Pr CHy), —20 (12H,Pr CHs), —35 (4H), —42 (1H, make the reaction solution. For each temperature, 0.3 mL of the
backbone G-H), —49 (2H,p-H), —71 (6H) ppm. (Peaks integrated  reaction solution was injected into a J. Young NMR tube with one
as 4H could be BEBtCH,, m-H, or'Pr methine. Peaks integrated as  drop of metallic mercury. The reaction solution was stored 2%

6H could be BEt, CHs, or backbone Ckl Peaks for the bridging °C when it was not in use.

NH, groups were not observed.) IR (KBr pellet): 3393 ¢riN—
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