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Several coordinatively unsaturated pseudotetrahedral iron(ll) precursors, [PhBP™";JFe—R ([PhBP*"3] = [PhB(CH;PPr,)s]~;
R = Me (2), R = CH,Ph (3), R = CH,CMes (4)) have been prepared from [PhBP™3]FeCl (1) that serve as
precatalysts for the room-temperature hydrogenation of unsaturated hydrocarbons (e.g., ethylene, styrene, 2-pentyne)
under atmospheric H, pressure. The solid-state crystal structures of 2 and 3 are presented. To gain mechanistic
insight into the nature of these hydrogenation reactions, a number of [PhBP™'s]-supported iron hydrides were prepared
and studied. Room-temperature hydrogenation of alkyls 2—4 in the presence of a trapping phosphine ligand affords
the iron(IV) trihydride species [PhBP™'5]Fe(H)s(PRs) (PR3 = PMejs (5); PR3 = PEt; (6); PR3 = PMePh; (7)). These
spectroscopically well-defined trihydrides undergo hydrogen loss to varying degrees in solution, and for the case
of 7, this process leads to the structurally identified Fe(ll) hydride product [PhBP*3]Fe(H)(PMePhs,) (9). Attempts
to prepare 9 by addition of LiEt;BH to 1 instead lead to the Fe(l) reduction product [PhBP*';]Fe(PMePh,) (10). The
independent preparations of the Fe(ll) monohydride complex [PhBP™'5]Fe"(H)(PMes) (11) and the Fe(l) phosphine
adduct [PhBPP;3]JFe(PMes) (8) are described. The solid-state crystal structures of trihydride 5, monohydride 11,
and 8 are compared and demonstrate relatively little structural reorganization with respect to the PsFe—P' core
motif as a function of the iron center's formal oxidation state. Although paramagnetic 11 (S = 1) is quantitatively
converted to the diamagnetic trihydride 5 under Ha, the Fe(l) complex 8 (S = %) is inert toward atmospheric H,.
Complex 10 is likewise inert toward H,. Trihydrides 5 and 6 also serve as hydrogenation precatalysts, albeit at
slower rates than that for the benzyl complex 3 because of a rate-contributing phosphine dependence. That these
hydrogenations appear to proceed via well-defined olefin insertion steps into an Fe—H linkage is indicated by the
reaction between trihydride 5 and ethylene, which cleanly produces the ethyl complex [PhBPP"3]Fe(CH,CHs) (13)
and an equivalent of ethane. Mechanistic issues concerning the overall reaction are described.

Introduction instance, hydridic iron sites may be important to the ability

hvdrid | h laved ) e i of nitrogenase enzymes to reduce unsaturated organic
Iron hydride complexes have played a prominent role in ¢ pctoiac (e.g., HECH, H,C=CH,)* and have been

fundamental organometallic studiesnd their continued implicated as intermediates in hydrogenase enzyih@he

examma’uon IS of Increasing |mp0rtan<?e in I'g,ht of their synthesis and study of well-defined synthetic iron complexes
possible function in various biocatalytic reactigrisFor
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Fe'"V Redox and Hydrogenation of Olefins

that can facilitate such transformations therefore representand examined a series of [PhBRFe—H, species that are
exciting areas of researéh. either Fe(ll) monohydride or Fe(lV) trihydride derivatives.

In this broad context, the respective groups of Darens- These hydride precursors are themselves able to mediate the
bourg, Rauchfuss, and others have studied dithiolate-sup-catalytic hydrogenation of analogous alkene and alkyne
ported diironu-H systems capable of D, scrambling and ~ substrates under ambient conditions (room temperature, 1
catalytic proton reductio?t-cSe<sb.cqnder photolytic condi- ~ atm H). Direct olefin insertion into Fe(llyH linkages
tions, some of these diiron systems can even mediate olefin/appears to be mechanistically important, antf'¥-exidative
D, scrambling, where reversible olefin insertion into an addition/reductive elimination processes are plausibly in-
Fe-H linkage has been implicatéd.What is perhaps  Vvoked by reference to the apparent propensity féfFeedox
surprising is that well-defined molecular iron hydrides that processes within the “[PhBR]Fe” manifold. In certain
catalytically reduce alkenes under ambient conditions (23 regards, the hydrogenation chemistry described therefore
°C, 1 atm H) in fact have little precedent. To the best of appears to be mechanistically related to homogeneous
our knowledge, Bianchini has contributed the sole report of hydrogenation processes more typical of noble metal systems.
a thoroughly characterized molecular iron system that is Concurrent with the present study, we note that Chirik
catalytically active toward the reduction of unsaturated and co-workers have discovered structurally distinct iron
hydrocarbons under mild conditions, [[P(8EH,PPh)sJFe-  Systems that also mediate catalytic olefin reduction under
(H)(L][BPh4] (L = N, or Hy).6aThis hydride catalyst system ambient condition$? The systems Chirik and co-workers
reduces alkynes (e.g., PECH) to their corresponding describe are notably much more active and appear to be
alkenes under 1 atm of Hat 20 °C (TOF ~ 3 mol of mechanistically distinct as they are suggested to proceed via
substrate per mol of catalyst per hour) but is incapable of FE" redox steps. The [PhBR]Fe system described here
olefin reduction. Although zero-valent iron carbonyl systems is attractive for fundamental studies in that it enables the
that do mediate olefin reduction were in fact reported several direct observation of several species that are plausible
decades agbthese systems typically require high temper- intermediates or close relatives of such intermediates and
atures and pressures, or photochemical methtalachieve also enables the study of certain stoichiometric transforma-
measurable activity. Moreover, they are typically selective tions that are likely relevant to the overall catalytic hydro-
for diene substrates because of instability of the catalysts ingenation cycle.

the absence of a coordinating diehe.
The present study describes a family of tris(phosphino)- H_ /Q @
Fe

borate-supported iron complexes within the context of olefin — Fe 1
hydrogenation chemistry. The study was motivated by our [PhBPs] [PhBPs]
unobserved isolated

recent observation that an elusive “[Phffe!—H" species
([PhBRs] = [PhB(CHPPh)3] ), formed during the hydro-
genolytic cleavage of a low-spin imide [PhgPe"=N-p-
tolyl, mediates the partial reduction of benzene via the
insertion of benzene into a reactive-Ad linkage (eq 1)°
This transformation suggested to us the possibility that a
catalytic olefin hydrogenation process based upon iron might
be realized if certain troublesome nuances of the [RiBP
platform could be circumvented. We now report that 14-
electron pseudotetrahedral iron alkyl derivatives supported

by the second generation [PhBR ligand ([PhBF"S] = proiides [PhBPLFe-Me (2) as yellow crystals after
[PhB(CHPPR);] ")° can serve as precatalysts for the room .5 in 77% yield. A similar procedure using PhgH
temperature hydrogenation of various alkene and alkyne MgCl or neopentyllithium affords red crystals of [PHEfFe—
substrates under atmospheric hydrogen at modest rates. Te-, oy, @) (83% isolated) and orange crystals of [PHBFe—
ascertain whether hydride intermediates play a key role in oy o\, (4) (55% isolated), respectively. TH&! NMR

these reduction reactions, we have independently preparedspectra of these 14-electron alkyl species show reasonably

well-defined but paramagnetically shifted and broadened
resonances at 23C. The solution magnetism (Evafs

Results and Discussion

Preparation of S= 2 [PhBPP";]JFe' —R SystemsRoom-
temperature hydrogenation of electron deficient, pseudo-
tetrahedral Fe(ll) alkyls provides access to the hydrogenation
manifold of interest! The required [PhBP:]Fe—R precur-
sors can be prepared in good yield via metathesis reactions
between [PhBP3]FeCl (1) and suitable Grignard or alkyl-
lithium reagents (Scheme 1)or instance, the addition of
MelLi to 1 at low temperature in tetrahydrofuran (THF)
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recorded for each of these complexes in benziriedicates
four unpaired electronsS(= 2) (uett = 5.48 ug (2); tett =
5.04 ug (3); et = 4.86 ug (4)). The precursor complek
and the recently reported amide [PHBJFe(NPh) are
likewise S= 2 spin system$&!3Worth noting is that access
to tetrahedral iron alkyl derivatives supported by the [P¥BP Fe
ligand (i.e., [PhBEFe—R species) is synthetically trouble-

o . P1 P2
some because of problematic side-reactions. P3

The cyclic voltammetry o2—4 was examined in THF 2

([TBA],[PFG]’ 100 mVi/s) and, reveal,ed m, each case a Figure 1. Solid-state molecular structuresfleft) and3 (right) showing
reversible wave at low potential that is assigned as an Fe-509 displacement ellipsoids for thefle—R cores. Selected bond distances
(11/1) redox process. This event is centered-&.3 V for 2, (2Az)1 ;gg(fgglis (Ft)igg)zfg;a—o?g,zggl?’l(j’o’l); 55111,7(21.4(1543(;2;: Fegg,
_ _ . ; FeP3, 2. ; e-P1, 122, ; e-P2,
—2.2 Vfor3, and —2.4 V for 4 versus ferrocene as the 15,515 cogFe p3. 123.37(11). PAFe P2, 92.74(3): P4Fe—P3
internal reference. Attempts to affect the reductiorRe#4 93.87(3); P2Fe—P3, 90.82(3). For3: Fe—C28, 2.0683(17); FeP1,
chemically, for example with Na/Hg, Naor KCs, led only 2.4633(5); Fe-P2, 2.4525(5); FeP3, 2.4570(5); C28Fe—P1, 129.64(6);
to poorly defined product mixtures. Though stablaydro- gfiz_egzzéilgdg?%’. %?:'323’9142?6240((166))’ PtFe-P2, 92.588(16);
carbyl complexes of iron(l) are extremely uncommon, T ' T '
Bianchini has shown that-alkynyl iron(l) derivatives can 2 43 A) are similar to those of [PhBR]FeCl (avg= 2.42
be electrochemically generated and isolated when neutrali) complex3 is somewhat less symmetric in nature tfgan
tetrapodal polyphosphine ligands are used to stabilize suchpecause of the steric demands of its benzyl substituent, which
species (e.g.{P(CHCHPPh)s}Fe(C=CR))* The Fe(l)  aiso seem to give rise to slightly longer-F@ bond distances.
oxidation state is accessible at much higher potential for the The Fe-C bond distance faB (2.0683(17) A) is ca. 0.05 A
case of these neutral phosphine systems. longer than for2 (2.013(3) A), and for further comparison

PseudotetrahedratEe!'-alkyl derivatives are structurally  the Fe-C bond distance in Parkin’s [PhPfFe'—CHs
uncommon, and the closest relative to the alkyl complexes complex is 2.079(3) A.

reported herein is Parkin’s substituted tris(pyrazolyl)borate
methyl complex [PhTH]Fe' —CHs.*2The solid-state crystal

Cc28

Generation of [PhBPP'3]FeH, Derivatives. Alkyl com-
i X plexes2—4 can each be hydrogenated over a period of hours
structures ot2 anS were determlneq, and their corefe _atroom temperature to liberate RH in the presence of£Me
atoms, along with their alkyl substituents, are shown in PE, or PMePh to afford a series of diamagnetic iron(IV)
Figure 1. The structures are unremarkable by comparison totrihydrides [PhBB,]FEY (H)sPR, (PMe; (5); PEY (6); or
_other [PhI_3F5’f3]Fe—X complexes that_have be_en character- PMePh (7)). This reactivity contrasts V\;ith that (,)f the
ized previously’'> The Fe-P bond distances i@ (avg = previously described [PhEJFe system ([PhBP = [PhB(CH-
PPh)3]), which invariably generates the benzene reduction
product [PhBEJFe(;®-cyclohexadienyl) whenever an “fFe
H” species is generated in benzene soluffoAs noted

(13) Betley, T. A., Peters, J. Q. Am. Chem. So2004 108 6252.
(14) Bianchini, C.; Laschi, F.; Masi, D.; Ottaviani, F. M.; Pastor, A,
Peruzzini, M.; Zanello, P.; Zanobini, B. Am. Chem. S0d993 115

2723. o :
(15) Turculet, L.; Feldman, J. D.; Tilley, T. IDrganometallic2003 22, elsewhere, the reactivity patterns OT [PQR and [PhBlﬂr3 B
4672. Fe systems can be remarkably differént.
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Fe'"V Redox and Hydrogenation of Olefins

Reliably established iron(l1V) hydride species are rare but

Hydrogenation of2 by D, rather than H selectively

do benefit from literature precedent. Thoroughly character- generated CgD and the trideuteride [PhB®]Fe(DxPMe;

ized examples of such species include [Cp*Fe(dppe)tH)
(dppe= bis(diphenylphosphino)ethan®)(;%-arene)Fe(Hy
(SiCls)2,Y” and [Fe(H)(PEb)4] .18 Complexe$s—7 are unique
both with respect to their method of preparation (directly
from Hy) and with respect to their reactivity properties (vide
infra). The closest structural relative, [FegtPE)4] 7,2 was

(5—D3). The intense FeH vibration discernible fob (1907
cm1) vanishes in the IR spectrum 6fDs, and the expected
Fe-D vibration is ill-resolved because of overlap with other
low energy vibrations. That C# is the sole methane
byproduct of deuteration implies that methane dissociation
from the system is rapid relative to any reversible D)

reported several years ago by Berke and co-workers and wasctivation processes that can be envisaged and moreover that

prepared by the protonation of FegfHEL),. Clean isolation
of the dihydride precursor from the starting materials LeCl
NaBH,, and PE}f requires a rather laborious synthetic

the H-atom delivered to the departing methyl group is derived
exclusively from hydrogen. An alternative ligand metalation
process that would transfer an H-atom, for example, from

protocol. The ease with which presently described trihydrides an isopropyl substituent to the departing alkyl ligand can

can be generated is therefore worth emphasizing.

thus be kinetically discounted. The hydrogenation of the

Assignment of the hydrogenation products as bona fide tetrahedral alkyl precursors in the absence of added phos-

iron(lV) trihydrides is based upon comparative analysis of

phine is distinct and is discussed separately below.

their spectroscopic signatures with those of the related The solution stability of the trihydride§—7 seems to
specie¥ and also a high-resolution crystal structure obtained depend on the relative donor strength or the cone angle of

for complex 5 (vide infra). For instance, théH NMR
spectrum of5 features a single resonance in the hydride
region atd —13.6 ppm that is split into a doublet of quartets
due to2Js—4 coupling to the PMgand [PhBF7] ligands
(61.2 and 32.0 Hz, respectively). Consistent with this
formulation is a3P{*H} NMR spectrum showing two
resonances, one for the [PhBE phosphinesd 70.8 ppm)
and one for the PMgdigand (0 28.8 ppm). Both resonances
are well-resolved at all temperatures examined@0°C to

23 °C), though no?Je_p coupling is discernible over this
temperature rangd.imin measurements were performed for
the hydride resonances 6fand 6 and provided values of
140 ms and 145 ms, respectivetyR0 °C in THF-dg), fully
consistent with the terminal iron trihydride assignm®rior
comparison, Berke's [F§H)3(PEb)4 " system provides a
Timin Value of 177 ms, whereas the structurally related
dihydrogen adduct [Fé¢H,)(H)(PMes)4]™ exhibits much
faster relaxation due to a direct-HH interaction Timin =
13.5 ms)¥° The fact that the hydride resonance and ¥
NMR resonances fd and6 change very little between room
temperature and-100 °C is consistent with their assign-

the capping phosphine ligand. For instance, comldag
stable to vacuum over a period of hours and exhibits only
slow deuterium incorporation when stored underdd 23

°C. Complex6 is reasonably stable but invariably shows a
trace amount of free Hn its 'H NMR spectrum, even upon
dissolution of recrystallized solid samples in benzdgérhis
observation is suggestive of the equilibrium shown in Scheme
1. In further support of this scenario,tbss occurs quite
readily for the case of the PMePterivative?7. Satisfactory
NMR spectra of7 are in fact only obtained when a hydrogen
atmosphere is preserved above the NMR sample solution.
Furthermore, an attempt to crystallizeby storing it as a
cold ethereal solution under,Nafforded crystals of the
paramagnetic monohydride complex [PHBJFe(H)(PMePh)

(9). The independent preparation ®@has proven difficult.
For example, the addition of LigBH to [PhBPP3]FeCl (1)

in the presence of PMeRhnstead generates the iron(l)
reduction product [PhBP;]Fe(PMePh) (10) (43% crystal-
lized yield). Both9 and10 have been structurally character-
ized and can be viewed as distorted trigonal bipyramidal and
pseudotetrahedral complexes, respectively (see Supporting

ments as trihydrides in solution. Upon the basis of Berke’s Information). The hydride ligand occupies an axial position
results, we would expect some temperature dependence ofrans to a [PhB®7] donor arm in9. The complex [PhB¥"]-

the spectrum were there an equilibrium distribution of
[PhBPP3)Fe(H):PRs and its nonclassical isomer [PhBE]-
Fe(H)(H,)PR; in solution. We generated [PhBRB]JFe(H)-
(D)2(PMe;3) by the addition of @ to an NMR tube sample
of [PhBPP5]Fe(H)(PMe) (11, vide infra). No H-D coupling
was resolvable by!H NMR spectroscopy (300 MHz),
presumably because of-Hre—H angles that are close to
90°. Structural data obtained fdris presented below and
supports this point.

(16) Hamon, P.; Toupet, L.; Hamon, J.-R.; Lapinte,@ganometallics
1992 11, 1429.

(17) Yao, Z.; Klabunde, K. J.; Asirvatham, A. Biorg. Chem.1995 34,
5289.

(18) Gusev, D. G.; Hoener, R.; Burger, P.; Orama, O.; Berke, HAm.
Chem. Soc1997, 119, 3716.

(19) Crabtree, R. H.; Lavin, M.; Bonneviot, LJ. Am. Chem. Sod.986
108 4032.

(20) Jessop, P. G.; Morris, R. Koord. Chem. Re 1992 21, 155.

(21) Betley, T. A.; Peters, J. Q. Am. Chem. So003 125 10782.

Fe(H)(PMe) (11), which is structurally related t® (vide
infra), can nonetheless be readily prepared from the metath-
esis of KE§BH with 1 in the presence of PMéScheme 1).

As might be expected, the addition of atmospheric hydrogen
to a benzene solution dfL quantitatively generates trihydride

5 upon mixing.

Conceptual removal of each of the three H atoms feom
begets the iron(l) core structure [PhBRFe(PMe) (8), a
derivative that can be independently prepared by Na/Hg
reduction of [PhBP%]FeCl in the presence of PMeor
alternatively by the addition of excess PMe {[PhBPF%3]-

Fe} 2(u-N2).2t Complex 8 features a magnetic moment of

4.39 ug (Evans), implying three unpaired electrons and
consistent with theS = 3/, ground state attributed to the

structurally related derivative [PhBJFe(PPR).?> Compound

(22) Brown, S. D.; Peters, J. @. Am. Chem. So2003 125, 322.
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------ 2.1575(5) A

H3
.2.2821(5) A

2 P2 P2(J P3
2.3217(4) A 2.2783(5) A
P4-Fe-P1=120° P1-Fe-P2 = 95.6° P4-Fe-P1=118° P1-Fe-P2=95.2° P4-Fe-P1=122° P1-Fe-P2=92.7°
P4-Fe-P2=120° P1-Fe-P3 = 96.9° P4-Fe-P2=124° P1-Fe-P3=952° P4-Fe-P2=126° P1-Fe-P3=92.5°
P4-Fe-P3=121° P2-Fe-P3=97.1° P4-Fe-P3=122° P2-Fe-P3 =96.4° P4-Fe-P3=123° P2-Fe-P3=92.1°

Figure 2. Solid-state molecular structures of (8) (B) 11, and (C)5 showing 50% displacement ellipsoids. Hydrogen atoms other than hydrides are
omitted for clarity. Selected bond distances (A) and angles (deg) are shown.

8 is curiously resistant to hydrogen uptake (1 atm 60 typified by the longest FeP bond distances (FeP.g= 2.33

°C). An NMR sample of a THFR solution of8 under an A, Fe-PMe; = 2.32 A) and is also the most symmetric of
atmosphere of hydrogen fails to show any broadening of the the three species. The core atoms of the iron(ll) monohydride
H, resonance that might be expected were a reversiblecomplex11 are nearly isostructural with those &fand11
equilibrium to be present betweéhand either an iron(l)  accommodates its single hydride ligand at a site trans to one
adduct complex “[PhBP3]Fe/(PMes)(H)” or an iron(lll) of its [PhBPP] donor arms. Thus, another limiting structural
dihydride species “[PhBP;]Fe" (PMey)(H).". The direct  description for the case ofl is to regard it as trigonal
interconversion betweeh and 8 appears to be kinetically  bipyramidal with three of the phosphine ligands (P2, P3, and

inaccessiblé? ~ P4) puckered toward the site occupied by the sterically less
Structural Data. We were fortunate that X-ray quality ~ demanding hydride ligand. It is interesting to note that there
crystals of each of the PMeadduct derivatives, and8, is a negligible, if any, discernible trans influence that results

and 11 could be obtained for comparative study. High- from the hydride ligand trans to P1 il This is also true
resolution X-ray diffraction analysis of a single crystal of jn the structure oB (see Supporting Information) and is in
each species provided the three solid-state structures showrgntrast to the situation i%. The addition of two more

in Figure 2. Important to note is that all three hydride hydride ligands at the sites opposite to the other two
positions were located in the difference Fourier map and [PhBPP%;] donor arms provides the structure observed for
refined for comples5, and a peak consistent with a hydride  ihydride 5. Interestingly, the average of the F& bond
ligand was also located for the complék and its position  gistance of divalent1 is shorter than that for monovalent
was refined. As can be gleaned from the figure, each complexg 4nq the average of the F& bond distances of tetravalent
is monomeric and is characterized by one tripodal phosphine5 is the shortest among the three complexes. Of particular
ligand and a PMgligand that is coordinated to the opposite signficance is the apical Fé4 bond in5, which is

face. This situation lends approximate 3-fold symmetry to appreciably shorter than the three other-Peinteractions

ef“’h spectes. ':“t"m the berspective °|f ”.356'3;’ SOre o0 the [PhBF] ligand. This difference is consistent with
atoms, each Structure can be qualltatively VIewed as pseudoy, presence of trans influencing hydrides for each- Fe

tetrahedral. The iron(l) complex [PhBEJFe(PMe) 8 is P([PhBP"3)) linkage, whereas no such influence is present

(23) Carréo-Macedo, J.-L; Harvey, J. NI Am. Chem. So@004 126 for the apical Fe-P4 linkage. It is apparent that in the present
5789. system the structural impact of a strongly trans influencing
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hydride ligand is more easily discernible for a closed-shell (a)
species, where the metdigand bond distances are on "[PhBPP";]Fe(H);"
average shorter, than that for an expanded open-shell
complex. These various structural data collectively demon-
strate that the [PhBP;]Fe—PMe; platform can sample three
different iron oxidation states while exhibiting rather little
structural reorganization as one or three hydride ligands are (b)
added to or removed from the system.

Trihydride 5 serves as a zwitterionic complement to the
cationic complex [Fek(PEg)4]™ mentioned abové and as
such warrants a brief structural comparison. Crystallographic
analysis of [FeR(PE&)4]* showed that its overall geometry
is quite similar to that ob. The three P-Fe—P angles that (c)
make up its BFe—P core (102.1, 101.5, 96>pare noticeably
larger than the three related anglesdahat are constrained
by the tripodal borate auxiliary (92.7, 92.5, 92.1As a
consequence, the-Fe—P angles irb (122, 126, 123) are
on average larger than those of [R€PES),]* (113.8, 122.2. 12 13
117.4). Finally, the apical FeP bond distance reported for  Figure 3. H NMR data (300 MHz, @Dg) for the hydride region during
[Fe|-|3(PE'@)4]+ is slightly shorter than the FeP distances the reaction betweeB and 1 atm hydrogen. The time course shows the

; ; ; oo hydride resonances assigned to the intermediate [PRBR(H) and its
to its other three phosphine ligands, as it is for the case of predominant degradation byprodud at (a)= 15 min, (b)— 30 min, and

5. (c) = 180 min.
Hydrogenation of Alkyls 2—4 in the Absence of Added
Phosphine. The addition of atmospheric hydrogen to the

Scheme 2

. . . iPI'z
alkyl derivatives at room temperature in benzene also releases WoH M P
alkane to generate reactive hydride species. For instance, H, Ni/ —» pp— i
. 2 Fe’ Fe(H)4P'PrMe
when an NMR tube sample of the paramagnetic methyl -CH, PhBPP T P/
complex2 dissolved in benzendsis charged with hydrogen, P, 12
CH, is produced over a period of hours, and two diamagnetic )
hydride reaction products can be observed at early stages in ch_";’z
the reaction. The same reaction profile occurs in tetrahy- D, N D /D » S Sy
. A T
drofuran solution and also occurs when the alkyl complexes?2 ————__ > _ Fe_ — ehWrTTee
. -CH4/CHD  [PhBP"%3]p) D,C—FP
3 and4 are used in place d. > ipy, 12
The first diamagnetic hydride that is produced, which itself
decays to the second hydride species, featUgsymmetry,  protons, then a quintet of triplets signal is observed for the

a single hydride resonance (quartet}2.4 ppm in GDs, resonance centered at 77.9 ppidb(p = 27.5 Hz;2Jy_p =
2Jp-n = 7.3 Hz, see Figure 3) and a single resonance in its 35.6 Hz), and a doublet of quintets is observed for the
*1P{*H} NMR spectrum (77.0 ppm). This species is reason- resonance at 104.7 ppil§_p = 27.5 Hz;2Jy_p = 22.8 Hz).
ably assigned as the trihydride [PhBRFe(H) by analogy  The spectrum was satisfactorily simulated using gNMR
to our assignments of the isolable trihydridgs7. The  software?4 The nature of these two multiplets confirms the
absence of a capping phosphine donor renders [PRBP  presence of four equivalent H atoms, presumably hydrides,
Fe(H) too reactive to be isolated. Its complete decay occurs cqordinated to iron. Although more stable than [PHBP
over a period of hours at room temperature. The presencere(H), this species is relatively unstable even under a
of an appreciable quantity of the secondary hydride byprod- hydrogen atmosphere, and the gradual productionRg-P

uct throughout the reaction course, in addition to the requisite Me becomes increasingly evident over a period of 24 h by
atmosphere of hydrogen that is necessary to observe [PBP  31p NMR spectroscopy. Attempts to isolate the complex are
Fe(H), prevents the acquisition of meaningfiin data for  thwarted by its apparent tendency to losg atd degrade
this species. The secondary hydride species, which is thefyrther. We resorted to a combination of spectroscopic NMR
dominant degradation product of [PhBRFe(H), is also  gata, collected under bothptdnd D, to firmly establish the
unstable but decays only slowly when stored under a jgentity of the second hydride byproduct as the (phosphino)-
hydrogen atmosphere. At room temperature, this secondpgrane-supported speciBhB(CHPPH),} Fe(H)(PPrpMe)
species exhibits a doublet of triplets resonarde - =22.8  (12) (Scheme 2). It is spectroscopically still ambiguous as
and 35.6 Hz) centered at12.7 ppm in the hydride region  to whether this species is better formulated as a divalent
of its *H NMR spectrum. Its*P{*H} NMR spectrum  gihydride dihydrogen complex (i.e{PhB(CHPP);} Fe-
suggests that th€; symmetry of the system has been lost, (1),(H,)(PPrMe)). In addition to théH and3P{H} NMR

and two resonances, one doublet at 104.7 ppm (2P) and one

triplet at 77.9 ppm (1P) are ”PW Observe.d' If one reFordS. a (24) gNMR version 4.0.1; Cherwell Scientific Publishing: Oxford, U.K.,
3P NMR spectrum with selective decoupling of the aliphatic 1998.
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data reported above, data in support of our assignment ofTable 1. X-ray Diffraction Experimental Details for

12 follows. 'B{*H} NMR analysis of the sample shows a
broad resonance centered at 77 ppm, which is consistent wit

a three-coordinate borane unit. Tetrahedral borate centers in

(phosphino)borates give rise to signatdt8{'H} NMR
resonances upfield of 0 ppm, typically in the range between
—10 and —15 ppm??® and the resonance at 77 ppm

unambiguously establishes that the borate unit has beenz(A)
converted to a borane. The methylene resonance of the éA;

borane ligand ofl2 is centered at 1.63 ppm and integrates

to 4 H atoms, as does the hydride resonance centered at’ (deg)

—12.7 ppm. ThéPrL,PMe ligand resonances a2 are well
resolved in the!H and 3C{'H} spectra, as they are in the
81P{1H} spectrum (vide supra). Whenp [ used in place of

H,, the methylene resonance of the bis(phosphino)borane

ligand vanishes!H), implying complete deuterium incor-
poration into the methylene position. The hydride resonance
at —12.7 ppm also decays, though residual proton signal
persists even after a period hours. Whep iB used to
hydrogenate? in C¢Dg, both CHD and CH, are liberated,
and H and HD are clearly visible in the sealed NMR tube
sample. The formation of CHH,, and HD byproducts is
consistent with ligand activation processes being competitive
with deuteriolysis of the alkyl group, distinct from the
deuteriolysis o in C¢Ds in the presence of added phosphine,
which liberates only CkD (vide supra). The rate of decay
of 2 is slightly attenuated under one atmosphere ohp
comparison to Wl (kel(H2/D2) = 1.1).

Hydrogenation Studies.When trihydride5 was subjected
to an atmosphere of ethylene, a clean transformation ensue
and the new iron(ll) alkyl, [PhBP3]Fe(CHCHs) (13), was
produced along with an equivalent of ethane and free£Me
(eq 2). The ethyl complex could be isolated from the reaction
solution as a crystalline orange solid in 63% vyield. Its
analytical data are analogous to those of compleXes.
The production of a stoichiometric equivalent of ethane
suggests that in situ hydrogenation of an—& bond,
presumably formed via insertion of ethylene into an-Fe
linkage, is relatively facile. This observation intimated that
a catalytic hydrogenation process might be realized. Com-
plexes2, 3, 5, and6 were therefore each examined for their
potential to hydrogenate styrene in benzene solution. Expo-
sure of5 to 10 equiv of styrene under 1 atm of groduced
ethylbenzene quantitatively. The reaction was complete
within 21 h at 50°C. The more labile triethylphosphine
derivative6 completed the hydrogenation within 17 h at 23
°C. The most active precatalysts are the Fe(ll) alkyls
themselves. For example, 10 equiv of styrene were hydro-
genated usin@ as a precatalytst withi7 h at 23°C. When
the reaction was instead carried out under 4 atm Hf1i9
equiv of styrene were hydrogenated ®yvithin 2 h. Other
olefins reacted similarly. For instance, using precataByst
dissolved in @Ds (10 mol %), the conversion of 1-hexene

[PhBPP3]Fe(PMe) (8), [PhBPP]Fe(H)(PMe) (11), and

k‘[PhBF‘Prg]Fe(H)g(PMes) 5)

8 11 5
chemical formula GoHeBFeR,  CsoHesBFeR, C3oHesBFeR,
613.34 614.34 616.36
T(°C) -173 -173 -173
2 A) 0.71073 0.71073 0.71073
9.7111(3) 9.7306(5) 9.5930(5)
21.5823(7) 21.4172(10) 21.5351(13)
17.0048(6) 16.9869(8) 17.0091(10)

90
93.855(2)
90

90
93.2110(10)
90

90
93.022(2)
90

o (deg)

7 (deg)

V (A3) 3555.9(2) 3534.5(3) 3509.0(3)
space group P2(1)lc P2(1)lc P2(1)lc

Zz 4 4 4

Deatca (g/cn®) 1.146 1.154 1.167
u(mm1) 0.621 0.625 0.629

R1, wR2 (I > 20(l)) 0.0582,0.0943 0.0444,0.0762 0.0476,0.0937
AR1= Y ||Fo| — [Fell/YIFol, WR2= { T [W(Fc? — FA)/ ¥ [W(Fc?)Z]} 12

Table 2. Catalytic Olefin Hydrogenation Reactions wizh 3, 5, and6

entry precataly$t  substrate KH(atm) time (miny TOF
1 3 styrene 1 410 15
2 3 styrene 4 100 6.0
3 2 styrene 4 78 7.7
4 3 ethylene 4 25 24.0
5 3 1-hexene 1 130 4.6
6 2 1-hexene 1 115 5.2
7 3 cyclooctene 1 55 10.9
8 3 2-pentyne 1 370 1.6
9 5p styrene 1 1260 0.5
10 6 styrene 1 1010 0.6

aConditions: 10 mol % precatalyst, [olefist 0.2 M in GsDg, 23 °C.

Reaction conducted at 50C.°¢Time to >95% conversion to the
corresponding alkane as ascertained By NMR spectroscopyd TOF
expressed as moles of substrate per moles of iron catalyst per hour,
calculated on the basis of the times given.

analogous conditions using 4 atm ob.H-or the case of
1-hexene, initial isomerization to internal olefins was ob-
served (as evident byH NMR) prior to the quantitative
production ofn-hexane, a result that suggegtshydride
elimination processes compete kinetically with the Fe-alkyl
hydrogenolysis step. The methyl compi2yroved to be a
slightly more efficient precatalyst for the hydrogenation of
styrene and 1-hexene than the benzyl com@geperhaps
because is hydrogenated more rapidly th& affording
more efficient entry into the catalytic cycle. For the three
alkyl complexes described thus far, the relative rates of
reaction with H follow the trend2 > 3 > 4. These hydro-
genation data are summarized in Table 2.

PMe;
| 2 H2C=CH2
Hod H
~Fe —_— Fe + PMe; + CoHg (2)
[PhBPP';]  CeDg, RT,12h [PhBPP"]

Certain alkyne substrates can be effectively hydrogenated

and cyclooctene to their corresponding alkanes under 1 atmin the presence of precataly&tFor example, 2-pentyne is

of H, was complete within 3 and 1 h, respectively, atZ3
Ethylene reduction was complete within 30 min under

(25) Thomas, J. C.; Peters, J. l@org. Chem.2003 42, 5055.
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guantitatively converted to pentane, with a small amount of
the intermediateis-2-pentene observed B NMR spec-
troscopy during the course of the reaction. Certain alkynes
proved problematic. For instance, an attempt to hydrogenate
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Scheme 3
PR: H = R
H, | 3|.| H Y /H 'il R W H
H.Fe/P — X —_— Fe | — l\Fe/
iPr P PhBP™"
[PhBP™3] +PR;  [PhBP™';] [ 3l [PhBP™PT;]

—_—
+ Hy
R
- I\ + Hj, o-bond . .
+ Hy +PR; r---H l methathesis insertion
P R
-RH Fe---H
iPr,
R M | [PhBP™"5] H
FeiP R E
PhBP™". e
e o \—\ H -— [PhBPP",]
+H;,

 _H
Fe"P
[PhBP™"3] [ oxid. addn.

phenylacetylene under standard conditions resulted in theconversion, have ample literature preced@dt.Upon the
formation of only small amounts of styrene and ethylbenzene. basis of the NMR data presented above, we can assign the
Products with molecular weights with suggestive of reductive trinydride [PhBP5]Fe(H); as a detectable solution species.
dimerization and trimerization, as well as cyclotrimerization, Recall that the addition of hydrogen &in the absence of
were also observed by GC/MS. A substantial amount of an added phosphine gives rise to two diamagnetic hydride
intractable bright red/orange material was also produced, species, one assigned as the transient [F¥re(H)s, and
which was likely the product of higher degrees of oligo- the second assigned as its degradation protiidivVe have
merization or polymerization. Attempts to carry out the no spectroscopic evidence for the species “[PREPe!-
hydrogenation of acetylene were similarly problematic, and (H)(H,)" but cannot discount it as a reactive, equilibrium
a large amount of a dark, hydrocarbon insoluble material jsomer of [PhBF5]Fe(H). Loss of H and concomitant
was rapidly produced which once again indicated oligomer- oefin binding from [PhBEF5]Fe(H); (or [PhBPP3]Fe! (H)-
ization/polymerization processes. These insoluble materials(14,)) can be envisioned to occur associatively or dissocia-
have not been further characterized. tively via the four-coordinate iron(1l) hydride [PhBR]Fe(H)

An obvious issue concerns whether these hydrogenationgs shown in Scheme 3. Upon the basis of our unsuccessful
reactions arise from homogeneous solution processes. Whil&fforts to generate and directly detect four-coordinate
it is inevitably difficult to rule out a catalytic role for [PhBPP]Fe(H) (and [PhBEIFe(H)), we expect it to be
heterogeneous components, we note that the addition ofty; more reactive than its alkyl analogues if formed. Regard-
mercury to styrene hydrogenation reactions did not impact less, olefin uptake to generate [PHB#Fe(H)(olefin) would
the overall r_eaction profile, or the approximate reactionate. set the stage for a subsequent insertion step to generate a
Moreover, light does not appear to play a role. Parallel NMR ¢ |4tively stables = 2 iron alkyl product. Indirect evidence
tube hydrogenations of styrene facilitateddin the presence for such a sequence is provided by the addition of ethylene
and absence of ambient room light proceeded at equal rates; trihydride 5, which produces the ethyl complexd and

As an additional control experiment, we examined the PMe; and ethane as stoichiometric byproducts. The iron alkyl

hydlrog_enatio(rj] O: gotrb(;rr:jylenil\tzygm b?nzenedf;. The d then reacts with hydrogen to release alkane, a step that can
exclusive product detected By SPEctroscopy prove be studied explicitly. This step regenerates the iron hydride

to beexo,exe2,3-d,-norbornane, consistent with cis addition source, perhaps initially as [PhBEIFe(H) which rapidly

of D2.27 . h
ts to [PhBP;]Fe(H der hyd , or [PhB®;]-
Mechanistic Considerations.Although numerous mecha- EZ?I:;PSRS [in the ggrei(en)f:gnofea: dci/eorlosrle(?s;rzir[we P

nistic questions regarding the hydrogenation reactions de- ) i i i
scribed herein remain, our collective observations allow us For the phosphine-capped trihydride precatalysts [PpP

to sketch a plausible mechanistic scenario at this stage. Suct] €(H(PR), a distribution of five—co_oprdinate Fe(ll) species
an outline is shown in Scheme 3. (including [PhBP3)Fe(H)(H,), [PhBPP3]Fe(H)(olefin), and

Iron precursors of different ground spin-stat&=¢ 0 [PhBPP]Fe(H)(PR)) are likely to be present in solution
[PhBPPL]Fe(H)(PRy), S = 1 [PhBPPy]Fe(H)(PR), andS throughout the course of the reaction, and it is interesting to
=92 [pthprS]Fe(R))' can each serve as a pre,catalyst to consider what their respective spin states might be. Whereas
the hydrogenation manifold. From a8 = 0 trihydride ~ We have definitively identified [PhBP:|Fe(H)(PMe) (11)
derivative, dissociation of PRexposes a reactive “FeH as a ground-state triplet species, we have reported elsewhere
source that would most likely exist as either a classical that the complex [PhBP:]FeCI(CO) exhibits a singlet
trihydride [PhBP";JF€V (H); or a dihydrogen hydride com- ground staté.lt seems likely that [PhBP3]Fe(H)(Hy) and

plex “[PhBPP5]Fe!(H)(H.)". Both species, and their inter- [PhBPP5]Fe(H)(olefin), which both feature ligands that are
relatively weak sigma donors and alscacceptors, would

(26) Whitesides, G. M.; Hackett, M.; Brainard, R. L.; Lavalleye, J.-P. . feature low spin § = 0) ground states.
g"ﬁog;gzlﬂbﬁeﬁgn'fc‘;ﬂ;ééf"18Ml%°re' S.S.; Brown, D. W.; Staudt, Several salient observations concerning the styrene hy-
(27) Marchand, A. P.; Marchand, N. Wetrahedron Lett1971, 18, 621. drogenation reactions allow us to speculate as to the catalyst
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Figure 4. (a) Hydrogenation of styrene (0.20 M) at 2B in CsDg; B =

10 mol %3, 4 atm H; ¢ = 10 mol %3, 1 atm H; O = 10 mol %6, 1
atm H,. (b) Hydrogenation of styrene (0.20 M) at 2& in CsDg with
precatalyst3 as a function of H pressure. (c) Hydrogenation of styrene
(0.20 M) at 23°C in GsDs under 1 atm H as a function of precataly&
concentration.

resting state and the turnover-limiting step when either the
alkyl complex3 or the trihydride specie6 is used as the
precatalyst. During the hydrogenation of styrene 3)ya
single intermediate can be observedByNMR spectros-

copy at room temperature. This intermediate species exhibits

paramagnetically shifted [PhBR] resonances with chemi-
cal shifts quite similar to those of the paramagnetic iron(ll)
alkyl complexes we have already described and is assigne
as the complex [PhBP;]Fe(CH,CH,Ph). This species can
be independently generated and observedldyNMR

spectroscopy upon the addition of an equivalent of styrene

to trihydride 6. Also, we have monitored the rate of styrene
hydrogenation by under a constant pressure of @ atm)

Daida and Peters

rate dependence of styrene hydrogenation on hydrogen
pressure and initial concentration of precatal@stwas
investigated. These studies revealed a first-order rate depen-
dence on both hydrogen pressure and total iron concentration
(Figures 4b and 4c), consistent with a rate-determining step
involving the reaction of Hwith an iron alkyl species. The
nonzero intercept observed for the rate dependence on iron
concentration (Figure 4c) is likely due to the competitive
decomposition of the catalytically active iron hydride species
to give12 and possibly other degradation products. In accord,
when an initial precatalyst concentration of 0.0053Was
used under standard conditions (0.2 M styrerg®¢"1 atm

H>), only three turnovers were measured, and decomposition
to give some'PnLPMe was clearly evident by'P NMR
spectroscopy.

When trihydride 6 is used as a precatalyst for the
hydrogenation of styrene, it is clearly present in significant
concentration throughout the course of the reaciBNMR,
3P NMR). Additionally, monitoring the rate of styrene
consumption in the presence of precatashder a constant
pressure of K (1 atm) results in a reaction profile that
displays a first-order dependence on styrene concentration
(Figure 4a). In this latter case, the resting state for the catalyst
system is likely trihydride6 itself, and exchange of the
coordinated phosphine for styrene is the most plausible
turnover-limiting step.

Because kHcoordination to generate [PhBEF€' (R)(H,)
is a requisite step that precedes release of alkane from
[PhBPP3]Fe(R), it needs to be underscored that the alkyls
2—4 are resistant to the uptake of other two-electron donor
ligands such as ethylene and PMEhese latter ligands may,
however, exhibit reversible association with the iron center.
That this is likely for the specific case of PMes evident
from the observation of appreciable line-broadening of
the 3P NMR resonance for free PMadded to a solution
of 3 (width at half-maximunr 100 Hz). H appears to be
unique as a ligand within this system, however, because of
its propensity to react irreversibly to release RH, driving
the system forward. The fact that iron(lV) is so readily
accessible within the [PhB®]Fe system suggests that
a sequence to consider would involve a stepwise oxidative
addition/reductive elimination process (e.g., [PHBP

JFeR+ H: — [PhBPFe! (R)(Hy) — [PhBP™;]Fe" (R)-

(H)2 — [PhBPP3]Fe'(RH)(H) — [PhBPP3)Fe! (H) + RH).

The small, positive primary kinetic isotope effect observed
for the reaction of alkyP with H, (vida supra) is consistent
with oxidative addition of Hto 2.2 An alternative sequence
that circumvents redox chemistry is one that occurs via a
og-bond methathesis step to release alkane and generate

and note that the rate of styrene consumption does not chang
during the course of the reaction, implying a zero-order
dependence on styrene concentration (Figure 4a). This
observation is consistent with a scenario in which an iron
alkyl species, in the present case [PHBFFe(CH.CH,Ph),

is the resting state of the catalytic cycle. The fact that we
can observe [PhBP;Fe(CHCH,Ph) as an intermediate
suggests that the reaction betweenand an iron alkyl is
rate-determining. To further investigate this hypothesis, the

{PhBPPL]Fe(H) < [PhBPPL]Fe(H). We favor the F&V

redox scenario because such redox processes appear to be
particularly prevalent within the [PhB®]Fe manifold. The
addition of hydrogen td 1to generaté ([PhBPF;]Fe (H)-

(PMe) + H, — [PhBPP3]FeY (H)3(PMey)) underscores this

(28) (a) Chock, P. W.; Halpern, J. Am. Chem. Sod.966 88, 3511. (b)
Zhou, P.; Vitale, A. A.; San Filippo, Jr., J.; Saunders: Jr., WJH.
Am. Chem. Sod 985 107, 8049.
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point, as does the N-atom transfer reaction from [PREP
Fé'(dbabh) to generate [PhBR]FeV=N and anthracen®.
Moreover, spectroscopically observable [PHBFFEY (H)3
is structurally and electronically quite similar to the alkyl
dihydride intermediate that needs to be invoked (i.e.,
[PhBPP3)FEV(R)(H),; see Scheme 3) via the oxidative
addition path.

The Fé'V hydrogenation scheme proposed is intriguing
in that it emphasizes a catalytically relevant role for
concerted, multielectron F& redox couples in the context

of toluene, filtered, and stored a5 °C, giving2 as yellow crystals
(0.0559 g, 77%)H NMR (C¢Ds, 300 MHz): 6 47.44 (s), 22.06
(s), 20.37 (s);/—3.62 (br, s),—23.27 (br, s),—46.81 (br, s). UV
Vis (CeHg) Amax NM €, M~ cm™1): 369 (1400). Evans Method
(CeDg): 5.48ug. Anal. Calcd for GgHseBFeR;: C, 60.89; H, 10.22.
Found: C, 60.50; H, 10.41.

Synthesis of [PhBF"3]Fe—CH,Ph, 3.A 390 L (0.390 mmol)
aliquot of 1.0 M benzylmagnesiumchloride in diethyl ether was
added to a frozen THF solution (5 mL) ©{0.2010 g, 0.351 mmol).
The solution was allowed to thaw to room temperature and stirred
for 1 h, giving a dark-red solution. The THF was removed in vacuo,

of homogeneous catalysis. Efforts to probe this mechanistic and the resulting red solid was extracted with petroleum ether (60

scenario in greater detail are underway.

Experimental Section

All manipulations were carried out using standard Schlenk or

mL) and filtered through Celite. Removal of the petroleum ether
in vacuo gave a red solid that was dissolved in a minimal amount
of diethyl ether, filtered, and stored a5 °C, giving 3 as dark-
red crystals (0.1832 g, 83%H NMR (C¢Ds, 300 MHZz): 6 104.52

glovebox techniques under a dinitrogen atmosphere. Unless oth-(S): 94.91 (5), 42.92 (s), 20.29 (s), 18.93 (s}..26 (br, 5),~17.89

erwise noted, solvents were deoxygenated and dried by thoroug

sparging with N gas followed by passage through an activate

alumina column. Nonhalogenated solvents were tested with a
standard purple solution of sodium benzophenone ketyl in tetrahy-

drofuran in order to confirm effective oxygen and moisture removal.

h(br, s), —37.60 (br, s). UV-vis (CGsHg) Amax NM €, M~ cm™Y):
g 340 (3680), 470 (2340). Evans Methodgl¥): 5.04 ug. Anal.

Calcd for GsHgoBFeR: C, 64.98; H, 9.62. Found: C, 64.88; H,

Synthesis of [PhBF";]Fe—CH,CMej, 4. Solid neopentyllithium

All reagents were purchased from commercial vendors and used(0-0203 g, 0.260 mmol) was added to a frozen THF solution (3

without further purification unless otherwise stated. [PRBJFeCl
(1),° {[PhBPP3]F€} »(u-Ny),?* and neopentyllithiur#? were prepared

mL) of 1 (0.0950 g, 0.167 mmol). The solution was allowed to
thaw to room temperature and stirred for 30 min, giving an orange/

according to literature procedures. Elemental analyses were per-Prown solution. The THF was removed in vacuo, and the resulting
formed by Desert Analytics, Tucson, AZ. Deuterated benzene was solid was extracted with petroleum ether, filtered, and dried in
purchased from Cambridge Isotope Laboratories, Inc. and degassed@cuo. The resulting orange solid was dissolved in a minimal

and dried over activated 3-A molecular sieves prior to use.

amount of pentane, filtered, and stored-a25 °C, giving 4 as

Deuterated tetrahydrofuran was purchased from Cambridge IsotopePT@nge crystals (0.0556 g, 55%j NMR (CeDs, 300 MHz): 6
Laboratories, Inc. and dried over activated alumina prior to use. A 85.37 (br, s), 44.13 (s), 21.07 (br, s), 19.47 (br,-s3,98 (br, s),

Varian Mercury-300 NMR spectrometer was used to reébrednd
31P NMR spectra at ambient temperature. Variable temperéture

—19.09 (br, s),—39.81 (br, s). UV-vis (CsHg) Amax, NM (€, M1
cm1): 375 (1350),~400 (shoulder). Evans Method {05): 4.86

T, measurements were performed on a Varian Inova-500 NMR #8- Anal. Calcd for GHeBFeR: C, 63.17; H, 10.60. Found: C,

spectrometer using the inversion recovery methétl.chemical
shifts were referenced to residual solvéd®. chemical shifts were
externally referenced to 85%3F0;. 1B chemical shifts were
referenced to neat BFOEL. Broad (br) resonances in thd NMR

62.94; H, 10.31.

Synthesis of [PhBFP";]Fe(H)3(PMejg), 5. A 32 uL (0.309 mmol)
aliquot of PMeg was added to 0.1129 g (0.204 mmol)2dissolved
in 5 mL of THF in a 25 mL reaction bomb. The solution was

spectra typically refer to resonances greater than 50 Hz width atdegassed by three freeze/pump/thaw cycles, and the bomb was
half-maximum. UV-vis measurements were taken on a Cary 50 Pressurized with 1 atm of #1 The solution was stirred vigorously
scanning spectrometer using a quartz cell with a Teflon cap. IR for 24 h and then evaporated to dryness in vacuo. The resulting
measurements were obtained with a KBr solution cell using a Bio- Yellow solid was dissolved in a minimal amount of diethyl ether,
Rad Excalibur FTS 3000 spectrometer controlled by Bio-Rad Merlin filtered, and stored at25 °C under an Matmosphere, givin§ as
Software (v. 2.97) set at 4 cthresolution. X-ray diffraction studies ~ Yellow crystals (0.0873 g, 69%)H{ 3P} NMR (CsDs, 300 MHz):
were carried out in the Beckman Institute Crystallographic Facility ¢ 8.06 (m, 2H), 7.61 (t, 2H), 7.34 (t, 1H), 1.67 (septet, 6H), 1.44
on a Bruker Smart 1000 CCD diffractometer. (s, 9H), 1.18 (d, 18H), 1.15 (d, 18H), 0.88 (br, 6H)13.72 (s,
Electrochemistry. Electrochemical measurements were carried 3H). *'P{*H} NMR (C¢Dg, 121.4 MHz): 6 70.81 (s, 3P), 28.75 (s,
out in a glovebox under a dinitrogen atmosphere in a one- 1P). Anal. Calcd for GHesBFeR: C, 58.46; H, 10.63. Found: C,
compartment cell using a BAS model 100/W electrochemical 58.45; H, 10.305—Ds was prepared analogously using. The
analyzer. A glassy carbon electrode and platinum wire were used IR spectrum (KBr, €Hg) of 5 showed an FeH stretching vibration
as the working and auxiliary electrodes, respectively. The referenceat 1907 cm* that was absent from the IR spectrum5efDs. The
electrode was Ag/AgN@in THF. Solutions (THF) of electrolyte  isotopically shifted Fe D stretch (calcd 1363 cm) could not be
(0.4 M tetran-butylammonium hexafluorophosphate) and analyte Observed because of the presence of other vibrational modes in
(2 mM) were also prepared in a glovebox. this region of the spectrum.
Synthesis of [PhBF'5]Fe-Me, 2. A 95 uL aliquot of 1.6 M Synthesis of [PhBF"5]Fe(H)s(PEts), 6. A 30 uL (0.203 mmol)
methyllitium in diethyl ether (0.152 mmol) was added to a frozen aliquot of PE$ was added to 0.0950 g (0.172 mmol)issolved
THF solution (2 mL) of1 (0.0751 g, 0.131 mmol). The solution in 3 mL of THF in a 25 mL reaction bomb. The solution was
was allowed to thaw to room temperature and stirred for 1 h. degassed by three feeze/pump/thaw cycles, and the bomb was
Removal of THF in vacuo gave a yellow solid that was extracted pressurized with 1 atm of £ The solution was stirred vigorously
with benzene and filtered. The benzene extract was dried in vacuo,for 12 h and then evaporated to dryness in vacuo. The resulting
and the resulting yellow solid was dissolved in a minimal amount beige solid was washed with 2 mL of petroleum ether. The solid
was dissolved in a minimal amount of diethyl ether and stored at
—25°C under an Natmosphere, giving as yellow crystals (0.045

(29) Schrock, R. R.; Fellmann, J. D. Am. Chem. Sod.978 100, 3359.
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g, 40%).*H{3P} NMR (CsDg, 300 MHz): 6 8.07 (m, 2H), 7.61
(t, 2H), 7.34 (t, 1H), 1.80 (septet, 6H), 1.70 (q, 6H), 1.23 (d, 18H),
1.18 (d, 18H), 0.97 (t, 9H), 0.92 (br, 6H);,14.08 (s, 3H)3P{H}
NMR (CgDg, 121.4 MHz): 6 68.34 (s, 3P), 66.71 (s, 1P). Anal.
Calcd for GaH7:BFeR: C, 60.19; H, 10.87. Found: C, 60.36; H,
10.51.

Generation of [PhBPP"3]Fe(H)s(PMePhy), 7. A 30 uL (0.161
mmol) aliquot of PMePhwas added to 0.0102 g (0.016 mmol) of
3 dissolved in 0.5 mL of €@Dg in a J. Young tube. The solution

Daida and Peters

and stored at-25 °C, giving 10 as yellow/orange crystals (0.1120
g, 43%)."H NMR (THF-dg, 300 MHz): 6 86.83 (br, s), 77.84 (br,
s), 14.74 (s), 10.26 (s), 9.25 (br, s), 7.87 (s), 6.754),04 (s),
—2.09 (br, s);~8.92 (br, s). UV-Vis (THF) Amax NM €, M~ cm™Y):
915 (1015). Evans Method (TH@&s): 4.36 ug. Anal. Calcd for
CuoHssBFeR: C, 65.14; H, 9.02. Found: C, 65.12; H, 9.07.
Synthesis of [PhBF'3Fe(H)(PMes), 11. A 183 uL (0.183
mmol) aliquot of 1.0 M KHBE$ in THF was added to a frozen
THF (5 mL) solution ofl (0.1047 g, 0.183 mmol) and P €38

was degassed by three freeze/pump/thaw cycles, and the tube wag|  0.367 mmol). The solution was allowed to thaw to room

filled with 1 atm of H. After 24 h, only 7, toluene from the
hydrogenation 08, and unreacted PMePtvere observed by NMR.
1H{31P} NMR (C¢Ds, 300 MHz): 6 8.06 (m, 2H), 7.62 (t, 2H),
7.59 (m, 4H), 7.29 (t, 1H), 7.08 (m, 6H), 2.33 (s, 3H), 1.72 (septet,
6H), 1.15 (d, 18H), 1.06 (d, 18H), 0.92 (m, 6H}13.16 (s, 3H).
31P{1H} NMR (C¢Dg, 121.4 MHz): 6 68.52 (s, 3P), 60.08 (s, 1P).
Synthesis of [PhBF"3]Fe(PMes), 8. A 50 uL (0.483 mmol)
aliquot of PMg was added to 0.0512 g (0.046 mmol{{PhBP"7]-
Fe} »(u-Ny) dissolved in 5 mL of THF. After being stirred for 3
days, a nearly colorless solution was obtained. The THF was
removed in vacuo, and the resulting solid was triturated three times
with petroleum ether, givin@ as an analytically pure off-white
solid (0.0496 g, 87%). Alternatively, a 0.5 wt % Na/Hg amalgam
(0.0053 g, 0.230 mmol of sodium dissolved in 1.0901 g mercury)
was stirred in THF (5 mL) with 8@&L (0.773 mmol) of PMe for
several minutes. A solution df (0.1093 g, 0.191 mmol) in THF

(1 mL) was added to the amalgam at room temperature, and the

solution was vigorously stirred for 1.5 h. The resulting nearly
colorless solution was filtered and evaporated to dryness. The
resulting pale solid was extracted with diethyl ether, filtered, and
evaporated to dryness. Storing a concentrated ethereal solution o
the resulting pale solid at-25 °C gave8 as pale-green blades
(0.0917 g, 78%)H NMR (THF-dg, 300 MHz): 6 79.52 (br, s),
11.45 (br, s), 8.21 (s), 7.09 (s)4.03 (br, s). UV-Vis (THF) Amax
nm (, M=t cm1): 950 (1050). Evans Method (THég): 4.39
ug. Anal. Calcd for GoHg:BFeR;: C, 58.75; H, 10.19. Found: C,
59.06; H, 9.82.

Synthesis of [PhBFP"3]Fe(H)(PMePhy), 9. A 160 uL (0.860
mmol) aliquot of PMePhwas added to 0.0945 g (0.165 mmol) of
2 dissolved in 5 mL of THF in a 25 mL reaction bomb. The solution

was degassed by three freeze/pump/thaw cycles, and the vessel wal

filled with 1 atm of H, and allowed to stir for 24 h. The solution
was evaporated to dryness in vacuo, and the resulting solids wer:
washed with 5 mL of petroleum ether, dried, and stored 2 °C

as a diethyl ether solution, giving yellow crystals. An X-ray
diffraction experiment performed on a selected crystal showed it
to be the iron(ll) monohydride specie8, 'H NMR (CgDe, 300
MHz) and3P NMR (GsDs, 121.4 MHz) revealed that the crystals
were a mixture of the trihydride specieg,and the paramagnetic

temperature and stirred for 15 min. The resulting cloudy yellow
solution was evaporated to dryness in vacuo. Extraction with diethyl
ether, filtration, and evaporation of the ether in vacuo gave a yellow
solid, which was washed with petroleum ether, dissolved in a
minimal amount of diethyl ether, and stored-a25 °C, giving 11
as yellow crystals (0.0579 g, 52%H NMR (CgDg, 300 MHZz): 6
62.93 (br, s), 52.15 (br, s), 9.95 (s), 8.16 (s), 7.51 (s), 7.49 (s),
4.76 (br, s),~2.34 (br, s). UV-vis (CsHg) Amax NM €, M~ cm™1):
420 (1780). Evans Method (D¢): 2.91 ug. Anal. Calcd for
CsoHssBFeR: C, 58.65; H, 10.34. Found: C, 58.49; H, 9.97.

Generation of { PhB(CH,P'Pr,),} Fe(H)(PPr.Me), 12.A 0.0150
g (0.027 mmol) amount o dissolved in 0.7 mL of €Dg
was placed in a J. Young tube. The sample was degassed by three
freeze/pump/thaw cycles, and the tube was filled with 1 atmn H
After 3 h, all2 had been consumed afh@dwas observable by NMR
spectroscopy*H{3P} NMR (CgDg, 300 MHz): 6 7.93 (m, 2H,
BPh), 7.31 (m, 3H, Bh), 1.86 (septet, 4H, PhB(GR(CHMey),),),
1.72 (septet, 2H, PMe(@Me,),), 1.63 (s, 4H, PhB(8,PPr),),
1.23 (d, 6H, P(CH(El3),)2), 1.21 (d, 12H, P(CH(83).)2), 1.10
](d, 6H, P(CH(CH3)2),), 1.08 (s, 3H, PPr,CH3), 1.02 (d, 12H, P(CH-
(CHs)2)2), —12.70 (s, 4H, Feéf)s). 13C{*H} NMR (CgDs, 75.4
Hz): 6 143.01 (br, Bh), 134.64 (B’h), 132.63 (Bh), 128.24
(BPh), 32.45 (d,Jp-c = 27.5 Hz, PCHMey),), 31.73 (d,Jp—c =
33.3 Hz, PCHMey)»), 31.50 (dJp-c = 21.8 Hz, PCHMey),), 25.20
(br, PhBCHszrz)z), 19.89 (d,z\]pfc = 2.3 Hz, P(CHCH3)2)2),
19.65 (P(CHCHa)2)2), 19.07 (P(CHCHs),),), 18.90 (P(CH-
(CH3)2)2), 15.89 (FPI’zCHg). 31P{1H} NMR (CeDa, 121.4 MHZ):
0 104.71 (d, 2P), 78.01 (t, 1P}B{'H} NMR (CsDs, 160.3
MHz): ¢ 77 (br). Assignments ofH and 3C NMR resonances
re based on heteronuclear multiple quantum coherence (HMQC)
and distortion enhancement by polatization transfer (DEPT) analy-
ses

e .

Synthesis of [PhBF"3]Fe(CH,CH3), 13.A 30 uL (0.290 mmol)
aliquot of PMg was added to 0.1107 g (0.200 mmol)2dissolved
in 4 mL of THF in a 25 mL reaction bomb. The solution was
degassed by three freeze/pump/thaw cycles, filled with 1 atm of
H,, and allowed to stir for 12 h. The resulting yellow solution of
5 was evaporated to dryness. The resulting yellow powder was

species9, based on resonances observed for a paramagnetic speciegissolved in 7 mL of diethyl ether, filtered, and evaporated to

that were paramagnetically shifted in a manner similar to those of
the analogous iron(ll) monohydride speciés,

Synthesis of [PhBF;]JFe(PMePhy), 10. A 365 uL (0.365
mmol) aliquot of 1.0 M LiHBE% in THF was added to a frozen
THF solution (5 mL) of1 (0.2007 g, 0.350 mmol) and PMefh
(130uL, 0.699 mmol). The solution was allowed to thaw and stirred
for 20 min. The THF was removed in vacuo, giving an orange/
brown oil that was triturated twice with petroleum ether. The
resulting residue was extracted with diethyl ether and filtered. The

dryness, givingd as a yellow solid, which was redissolved in 5
mL of THF and returned to the 25 mL reaction bomb. The solution
was degassed by three freeze/pump/thaw cycles, and the vessel was
filled with 1 atm of ethylene and allowed to stir overnight. The
resulting orange solution was evaporated to dryness, giving an
orange solid that was dissolved in diethyl ether and filtered.
Removal of the diethyl ether in vacuo gave an orange solid that
was dissolved in a minimal amount of diethyl ether and stored at
—25 °C, giving 13 as orange crystals (0.0711 g, 63%). NMR

ethereal solution was evaporated to dryness, giving an orange/brown(CsDs, 300 MHz): 6 46.40 (s), 21.73 (s), 20.17 (s),3.95 (br, s),

residue that was triturated twice more with petroleum ether. The
resulting orange solid was washed with 5 mL of petroleum ether,
dried in vacuo, then dissolved in a minimal amount of diethyl ether,
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—22.01 (br, s),—44.87 (br, s). UV~vis (CsHg) Amax NM (€, M1
cm1): 380 (1620),~400 (shoulder). Evans Method {05): 5.44
us. Repeated attempts to obtain satisfactory combustion analysis



Fe'"V Redox and Hydrogenation of Olefins

of crystalline samples were consistently low in %C and %H. Anal. corresponding alkane. For hydrogenations uSiag the precatalyst,
Calcd for GgHsgBFeR: C, 61.50; H, 10.32. Found: C, 60.04; H, linear fits to the consumption of starting material all g&#ezalues
9.94. greater than 0.99, which were used to calculate turnover frequencies;

Hydrogenation Reactions (General Procedure)A 0.0379 g for the hydrogenation of styrene usirgyas a precatalyst, an
(0.060 mmol) amount a8 and 0.0110 g (0.059 mmol) of ferrocene  exponential fit to the consumption of styrene g&¥#e> 0.98, which
were dissolved in 3.00 mL of 4D, giving a stock solution of 0.02 was used to calculate the turnover frequency.

M 3 and 0.02 M ferrocene. Ferrocene was used as an int&tnal .
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mmol). For all reactions conducted at room temperature, the tube
was continuously inverted (12 mi# to increase mass transfer of
H; into the solution. The tube was periodically refilled to maintain
an H, pressure of 1 atm, and the reaction was monitoredHby
NMR until completion. All reactions proceeded cleanly, resulting
in complete conversion of the alkene or alkyne substrate to the 1C0488583
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