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A series of new iron(ll) complexes that contain cyclic diphosphine ligands with pendant amine bases,
PRNR, have been synthesized and characterized (wheR&,® are substituted 1,5-diaza-3,7-
diphosphacyclooctanes). These compounds include fil6P)(CHsCN)4J(BF4)2 (5), cis[Fe(R"N)(CHs-
CN),](BF4)2 (6a), cis-[Fe(R"™N:52)y(CH3CN);](BF4)2 (6b), cis-[Fe(R%YN25),(CHsCN),](BF,). (60), trans-
[HFe(RP"NLPN),(CH:CN)J(BF,) (7), and cis-Fe(RP™N.PM,(Cl), (8). The molecular structures &, 6b,
and7 have been confirmed by X-ray diffraction studies. For all complexes the cyclic diphosphine ligands
contain one six-membered ring in a chair conformation and one six-membered ring in a boat conformation.
For complex7, the two rings that are in boat conformations result inHNdistances between the pendant
amine nitrogens and the hydride ligand of 2.6 to 2.7 A. Protonation of the pendant bases in cdmplex
has been found to form several products. A structural assignment for a dominant protonated isomer has
been assigned on the basis'bf, 3P, and!>N NMR spectroscopic techniques.

Introduction

to be a rich area of study, and factors that contribute to the role
of the base as a proton relay and participant in hydrogen

The study of the role of the second coordination sphere in gctivation have been establish€d.

the reactivity of synthetic metal complexes has been inspired

by the structures of several metalloprotéiffsand has led to

the design of new ligands that result in the precise positioning
of an acidic or basic site near the metal ion. Such ligands have

In our previous studies of iron complexes that contain the
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methylamine, we have shown that octahedral iron(ll) complexes
containing two chelating PNP ligands and two monodentate
ligands adopt a cis geometry, while those containing one PNP
ligand and one chelate with a smaller bite angle, such as bis-
(dimethylphosphino)methane, dmpm, favor trans structtifes.
The endo isomer of the N-protonated hydride compteas
[HFe(PNHP)(dmpm)(CkCN)]?", 1, was found to undergo
intramolecular proton/hydride exchange with a rate of ap-
proximately 2x 10* s! at room temperaturgd
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NMR studies of this complex also established that intermo-
lecular proton exchange of the-NH proton with a weak external

Jacobsen et al.

@)
Figure 1. Perspective drawing of [FE{BNPR)(CHsCN)4?t, 5,
indicating the atom-numbering scheme. Thermal ellipsoids are
drawn at the 50% probability level.

We have shown previously that the related cyclic diphosphine
ligand RRN.R coordinates to a metal ion (Ni(ll)) to form two
six-membered chelate rings, and at least one of these is forced
into the boat conformation. This conformation places the pendant

acid proceeds at rates even faster than the intramolecularamine base in close proximity to the metal ion, as shown in

exchange process. In contrast intramolecular proton/hydride
exchange ircis-[HFe(PNHP)(CHsCN)]3*, 2, was found to be
slow on the NMR time with a rate of1 st at—25°C.1"9The
slow intramolecular exchange is attributed to unfavorable steric

structure3.17¢In the case of the four- and five-coordinate nickel
derivatives, the conformations of the cyclic ligands allowed the
pendant amine to participate with the metal ion in the formation
or cleavage of a HH bond as shown in the conversion®fo

interactions between the cis PNP ligands, as one of the chelatet, and effective electrocatalysts for hydrogen oxidation and

rings rearranges from the favored chair conformation to the boat
form required for NH-FeH interactions.
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production were characterizé@:¢In order to determine how
the enforced boat conformation of the cyclic ligand influences
the chemistry of the iron derivatives, we have synthesized a
series of new octahedral Fe(ll) complexes containing one or
two of the BRNLR ligands. Complexes of the formulas [Fe-
(PRNR)CH3CN)4]2T, cis-[Fe(PRNR),(CHsCN),)2T, andtrans:
[HFe(PRNR)(CH3;CN)]™ have been synthesized. The structures
of these new complexes are of interest, and examples of both
the cis and trans derivatives have been characterized by X-ray
diffraction studies. Proton relay properties of the cyclic ligands
in the iron complexes have been investigated.

Results and Discussion

Syntheses and Characterizations of Iron Complexes with
PN, Ligands. The reaction of either 1 or 2 equiv obPN,h
with [Fe(CH;CN)g](BF4)2 in acetonitrile results in the formation
of a new complex that shows a singlet in ##8 NMR spectrum
at 50.2 ppm. ThéH NMR spectrum of the isolated product in
CDsCN shows resonances for theNg3 ligand and a singlet at
1.96 ppm consistent with the presence of free protio-acetonitrile.
Integration of the proton resonances suggests that the product
undergoes rapid exchange of four acetonitriles relative to only
one cyclic ligand, consistent with the formulation [Fe-
(P,PMNLPM(CH3CN)4)(BF4)2, 5. Elemental analyses are also
consistent with this formula, and the electrospray ionization mass
spectrum shows a peak for the fluorinated parent cation minus
all four acetonitriles{ Fe(B""N,"NF} *. Single crystals ob were
grown from a CHCI,/Et,O solution, and an X-ray diffraction
study was carried out to confirm this formulation.

A perspective drawing of the iron dication is shown in Figure
1, and selected bond distances and angles are given in Table 1.
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indicating the atom-numbering scheme. Thermal ellipsoids are
drawn at the 50% probability level. Only ipso carbons of phenyl
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igure Experimental (top) and simulated (bottofP NMR substituents are shown for clarity.

spectra for6a recorded at 400 MHz.
Table 2. Selected Bond Distances (A) and Bond Angles (deg)

Table 1. Selected Bond Distances (A) and Bond Angles (deg) .
for [Fe(P2""NPN)(CHACN)4J(BF 1), 5 for [Fe(P2P"N2B?)(CH3CN)2l(BF4)2, 6b
Bond Distances Bond Distances
sher B B - I
€ . e . . .
Fe(1)-N(3) 1.930(4) Fe(1yN(6) 1.986(4) Fe(L)-P@) 2.259(1) Fe(HNG) 1.951(3)
Bond Angles
vt PO)-Fe(-P2)  79.543) N(}Fe(l-N©)  85.88(10)

P()-Fe(1)-P(2) 80.39(5)  N(3YFe(1)-N(5)  170.59(16)

NG)-Fe(1)-N(4) 86.89(16) P(L}Fe(l)-N(4)  172.64(12) P(3)-Fe(1)-P(4)  79.15(3)  P(HFe(1)-P(@3)  99.38(3)

N(@4)-Fe(1-N(5) 89.46(16)  P(2}Fe(l)-N(6) 177.67(12) P(1y-Fe(1)-N(5) ~ 170.81(8)  P(2rFe(1)-P(4)  173.05(4)
N(5)-Fe(1)-N(6)  85.88(16) P(2)Fe(1-N(4)  93.41(12) P(2y-Fe(1-N(5)  94.18(8)  P(2yFe(1y-P(3)  95.79(3)
P(1-Fe(1}-N(6) 97.48(12) P(2}Fe(1-N(5)  93.35(12) Eg‘l‘);igg);mggg gg-gég E%Egg{“% g;-i?ggg
P(1-Fe(1-N(3)  89.73(12) P(IFe(1-N(5)  94.84(12) PG-Fe(lINE) 170028 PidsFe(L-N(E) 53.12(8)

The structure confirms the presence of a distorted octahedral

iron(Il) complex with a single diphosphine ligand. monitoring the disappearance of the singlet at 2.38 ppm assigned

The Fe-P distances are equivalent at 2.20 A, and the to the coordinated ligands. A half-life of 16 min was determined
P—Fe—P angle is 80.39 (8) Small bite angles have been found for this exchange process. No evidence for dissociation of a
to be characteristic of these cyclic diphosphine ligands. The diphosphine ligand in acetonitrile to forswas observed. In
P—Fe—P angle for this iron complex is even smaller than the contrast,5 displays limited stability in acetone solution, and
P—Ni—P angles (81.53(7)and 82.63(7) observed in the  when5 is dissolved in this solvent, formation of the bis-
five-coordinate nickel complex with the same ligand, [Ni- (diphosphine) complexga, is observed by NMR spectroscopy.
(PPPNLPY(CH3CN)|(BF4)2.17¢ The Fe-N distances for the Reactions of [Fe(CkCN)s](BF4), with other cyclic diphos-
acetonitrile ligands trans to the phosphines are slightly longer phine ligands under similar conditions resulted in the formation
than those for the two acetonitriles trans to each other, asof analogous productsis-[Fe(PPMN252),(CHsCN),](BF4)2, 6b,
indicated in Table 1. The NFe—N angle between the two trans  andcis-[Fe(R YN2B?),(CH3CN),](BPhy),, 6¢, which have been
acetonitrile ligands is 170.59(1%with these two nitriles slightly isolated and characterized. Each of the complexes shows two
bent away from the diphosphine. In fact the-Re—P angles multiplets in the3P NMR spectrum, as expected for /38’
for almost all of the nitriles adjacent to the phosphine donors spin systems, and these spectra have been simulated (see Figure
are>90° and in the range 9397°. One of the chelate rings of = S4). The mass spectral data provide evidence for the [parent
the diphosphine ligand is positioned in a boat conformation with cation]BR and an ion withm/z corresponding to P- 2 CHs-

the Fe(1>N(2) distance equal to 3.53 A. CN.

Characterization of cis-[Fe(P,RNR')2(CH3CN),](BF 4)2 De- Single crystals ofcis-[Fe(P"™N282),(CHsCN),](BF4)2, 6D,
rivatives. When the reaction of [Fe(GIEN)g](BF4), with 2 have been isolated from an acetone/ether solution, and an X-ray
equiv of BP™N,Phis carried out in acetone rather than acetoni- diffraction study has been carried out. A drawing of the dication
trile, the product with two cyclic diphosphine ligandss-[Fe- is shown in Figure 3, and selected bond distances and angles

(PP"NLPM(CH3CN),)(BF4)2, 64, is isolated exclusively. ThEP are given in Table 2. The structure confirms that the complex
NMR spectrum of this product at room temperature shows an is the cis isomer in a distorted octahedral geometry. TheHe
AA'BB’ pattern with two multiplets at 31.7 and 35.8 ppm, distances of 2.26 A are equivalent within experimental error
consistent with a cis geometry. Observed and simulated spectreand are significantly longer than those observedsinThe

are shown in Figure 2. Other spectroscopic data and elementalP—Fe—P angles of the ligand chelates are smaller than those
analyses are given in the Experimental Section. ICDthe observed previously for complexes of th&'R,Phligand, with
coordinated acetonitrile ligands @aunderwent exchange with  values of 79.52 and 79.15(3). The N(5)-Fe—N(6) angle

the solvent, and the rate for this process was determined bybetween the cis nitrile ligands is compressed to 8%5.88
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presumably as a result of the steric demands of the cyclic Table 3. Selected Bond Distances (A) and Bond Angles (deg)

ligands. In6b each diphosphine ligand contains one chelate ring
in a chair conformation and the second in a boat. Although the

for [HFe(PP'NPM),(CHCN)](BF4), 7

Bond Distances

iron—nitrogen distance is quite short, e.g., Fe{l)2) = 3.43 Eeg)):ggg g%iggg Eeggfﬁ)) figg((g))
A, the amine base in each boat conformation points toward a "¢ : € :
phosphine in the other ligand and is therefore not positioned to Fe)-PE) 2.1942) Fe(HNG) 1.94765)
allow involvement in a cooperative interaction at a vacant metal P(1)-Fe(1)-P@) a1 7(‘)38;1d An%{‘(alS_}F ANG)  178.4(6)
H i i e . e .

site genergted by a labile ligand. P(3)-Fe(1)-P(4) 81.22(7) P(BFe(l)-P(3) 100.26(7)

Synthesis oftrans-[HFe(P2""N2"")2(CH3CN)]BF4, 7. The P(1-Fe(1-N(5) 106.22(18) P(2}Fe(1-P(4)  100.58(7)
reaction of 6a with excess bis(triphenyphosphino)iminium  P(2)-Fe(1)-N(5) 86.69(15)  P(3)Fe(1)-N(5) 86.64(15)
borohydride, PPNBWY] in acetonitrile solution resulted in the ~ P(4-Fe(l)-N()  106.08(19)  P(43Fe(1)-P(1)  147.69(7)

P(3)-Fe(l-P(2)  173.33(7)

formation of an iron hydride derivativ€, Similar reactions of

6b and 6¢ with borohydride reagents produced mixtures of
products that were not successfully separated or further char-
acterized. An alternate route to related hydride derivatives was . :
investigated briefly by using anhydrous Fe@k the starting 1.947 A. The "’?‘“_er pond is shorter than th . d|stanc_es
reagent. The reaction of FeOhith 2 equiv of RPN,P" in observed for nitrile ligands trans to phosphine donors in the

methylene chloride resulted in the formation of a purple product StrUctures of5 and 6b discussed above. The-NH distances
that was isolated and identified ass-Fe(PNPh),Cly, 8. between the two N atoms in the boat conformations and the

Characterization data f&8 are included in the Experimental hydride ligand are 2.60 and 2.68 A, slightly less than the sum

Section. However reaction &with hydride reagents, such as  ©f the van der Waals radii (2.75 A). The coordination of each

PPNBH, or NaBH;,, did not lead to the formation of clean d|phqsph|ne ligand iry [s unsymmetrical. For example, e

products, and this route was not investigated further. P(1) is 2.145(2) A, while the second bond (F&(2)) in the ,
The hydride product derived froBa showed limited stability chelate is S|gn|_f|cantly _Iong_er, 2.213 (2) A. The chelate bite

in solution, and attempts at recrystallization often resulted in Zgggjfs?m th;g |§hcl):sphF|)n2 Ilggildzsga[ﬁhsmall, PIEQ—P(Z).le

the decomposition of the product and observation of resonances (7 and P(3)-Fe~P(4)=81.23. These angles are similar

for the free BN, ligand in the NMR spectra. Nevertheless the to thc_)se observ_ed fg the same cyclic diphosphine ligand
product was consistently isolated in low yields in reasonably coordinated to nickel! o ) _
pure form, although a small amount of PPNjB#as a common The complex shows a very significant distortion from
contaminant. Spectroscopic data for the product at room octahedral geometry in the nonplanarity of the four phosphorus
temperature are consistent with the formulatioans[HFe- atoms. For example, while one angle between trans phosphines,
(PP"NPM)(CHCN)]BF,, 7. In the!H NMR spectrum a hydride ~ P(3)-Fe=P(2), is 173.33(7) the other trans angle Pt4fe—
resonance is observed as a penfiet { = 45 Hz) at—20.0 P(1) is significantly smaller, with a value of 147.67and
ppm at room temperature, and tH® NMR spectrum shows a  the dihedral angle formed by the two planes defined by the P
slightly broadened singlet at 50.8 ppm. Variable-temperature atoms of the diphosphine ligands and iron is 34These angles
NMR studies reveal that at50 °C in acetone solution the  are consistent with a twisting motion between the two diphos-
resonance in th&'P NMR spectrum splits into two multiplets ~ phine ligands to avoid steric interactions between the substituents
of an AA'BB' pattern (57.9 and 45.9 ppm), and the hydride on phosphorus. This distortion of the octahedral geometry about
resonance in thetH NMR spectrum now appears as an iron may be responsible for the low stability of this iron hydride
overlapping triplet of triplets. The coalescence temperature complex. A similar distortion and dihedral angle of 34v@ere
occurs at 5C. These data are consistent with a fluxional process observed for the [Ni(F*YN2B2)7]2" cation!’® The fluxional
in which two pairs of nonequivalent phosphorus atoms are behavior indicated by the variable-temperature NMR studies
frozen out at the lower temperatures. described above likely involves a twisting motion in which the
In acetonitrileels, the 'H NMR resonance at 3.44 ppm, dihedral angle between the-fFe—P planes varies.
assigned to coordinated acetonitrile, disappeared with a half- Protonation Studies of trans-[HFe(P2P"N,""),(CH3CN)]-
life of 67 min. The half-life is longer that that observed for the BF4, 7. The structure of indicates that the pendant amines in
cis BN, derivative discussed above, but the rate is significantly two of the ligand chelate rings are positioned near the hydride
faster than rates reported for other trans derivatives of iron(ll), ligand. Protonation of the amines in this complex was studied
such agrans[HFe(PNP)(dmpm)(CECN)]*, for which ty, = in order to explore the intramolecular proton/hydride exchange
7 h1™ In 7, the large distortion from octahedral geometry process. The addition of acids ranging in strength from triflic
imposed by steric repulsions between trangNPligands, to anisidinium to7 at room temperature in acetodgtesults
discussed below, is likely to result in loss of ligand field in the loss of the hydride ligand over a period of about 30 min,
stabilization energy associated with the low-spin octahedral presumably by the elimination of dihydrogen. This reactivity
structure and permit relatively rapid acetonitrile exchange. is similar to that observed for the other iron hydride derivatives
Single crystals of7 were successfully isolated by diffusing ~ with diphosphine ligands studied previousfy#ldentification
diethyl ether into a dichloromethane solution-e80 °C. The of products formed as a result of the protonation7adt low
single-crystal X-ray structure of the complex cation is shown temperatures is complicated by the presence of four amine sites
in Figure 3, and selected bond distances and angles are giverin the cyclic ligands and by conformational changes possible
in Table 3. The structure confirms that the complex is a distorted for the ligand chelate rings that would give rise to many possible
octahedron with trans hydride and acetonitrile ligands; the isomers. Several resonances between 7 and 15 ppm fiHthe
H—Fe—N(5) angle is 178.4(6) The chelate rings in each of NMR spectrum that are attributed to NH protons were observed
the cyclic ligands display one boat and one chair conformation. when stepwise equivalents of triflic acid were added to the
One of the N atoms, N(2), is nearly planar. The average distancecomplex at—50°C in acetoneds. Selective formation of a single
between the boat N and Fe is 3.445 A, similar to the-Ni or major product corresponding to each equivalent addition was

distances observed in the nickel complex with this ligand. The
Fe—H distance is 1.430(5) A, while the F&(5) distance is
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Figure 4. Perspective drawing of [HFe{BNP%),(CHCN)]*, 7, d
indicating the atom-numbering scheme. Thermal ellipsoids are
drawn at the 50% probability level. Only ipso carbons of phenyl L R R S BN
substituents are shown for clarity. ppm 143 142 1441

Figure 5. (a) ®N{H decoupleyi NMR of spectrum of thé>N-
not observed, and structural assignments were not made for thdabeled form oftrans[HFe(CHCN)(PPLNHPINPR),]3* (structure
stepwise protonation products. 9). The NH region of théH NMR spectrum oB (**N-labeled) (b)

However a species that is consistently formed in varying with selective!®>N decoupling of the 59.0 ppm nitrogen resonance,

- o o . c) with selective >N decoupling of the 58.2 ppm nitrogen
_amounts when_tnfllc acid IS added at —50 °C, and which Ee)sonance, and (d) with &N dpecc?upling. Spectra F\j\?ere reco?ded
is the predomlnant species (c_a. 80%) when_four OF MOre i acetoneds at —50 °C.
equivalents of acid are added, displays an NH singlet iftithe
NMR spectrum at 14.6 ppm. In the hydride region of the complex where each proton is stabilized by interaction with two
spectrum, a new pentet is observed-#0.6 ppm, while the inequivalent amines from ligand chelates in the chair conforma-
31P NMR spectrum shows a broad singlet at 30 ppm. In an effort tion.

to observe intramolecular exchange between the iron-hydride

and the protonated nitrogen, a GOESY experiment was per- Ph\N AH A~ pn 2
formed at —60 °C with a mixing time of 300 ms. The W \p R N\H
magnetization of the hydride peak a20.6 ppm was selec- N—/ ’Fe\ N

tively inverted, and the resonances of the NH peaks were Pl NN R""pn
monitored. However, no inverted exchange peak was observed, Ph 2‘ Ph

indicating that fast hydrogen exchange betweerfand NH i
groups is not occurring. Additional variable-temperature NMR CHa
data indicate that hydrogen elimination from this isomer at room 9
temperature is relatively slow. As the solution is warmed to
room temperature, the hydride resonance broadens and phos
phorus coupling is no longer resolved, but when the solution is

recooled to—50 °C, the pentet of the protonated hydride which the protons are similarly stabilized by two amine nitrogens

complex is a_gam. observgd. ) . of a related cyclic ligand has been identified previougfin
More detailed information on the structure of this relatively o nickel system this is a minor isomer that is formed upon

stable protonatgd isomer 6fwas obtained through the synthesis addition of hydrogen to the nickel(Il) complex, [NiPN82),]2+.

anl(él NMR studies of thé*N-labeled complex. The complex  the more favored nickel(0) isomers involve conformations of

175( N) was prepared using the labeled ligand synthesized from ¢ jigand chelate rings that permit interaction of the amine
N-aniline. The isomer resultmgofrom thfs addition of excess o100 with the electron-rich nickel center. In contrast, in the

(ca. 4 equiv) triflic acid at=50 °C to 7(™N) showed two  hrhonation of the iron(ll) hydride derivative, the greater proton

resonances in th&®N NMR spectrum at 59.0 and 58.2 ppm,  gapilization appears to be gained by formation of isofer
Figure 5a. The trans hydride and acetonitrile ligandériemove

a potential plane of symmetry through the four-He bonds
and make the two nitrogens in each ligand chelate inequivalent.
In the IH NMR spectrum of the protonated labeled complex Both cis and trans derivatives of new iron complexes
(Figure 5d), a doublet of doublets pattern is observed for the containing diazadiphosphacyclooctane ligands have been syn-
NH protons at 14.2 ppm witd; = 26.7 andJ, = 43.0 Hz. thesized and characterized by X-ray diffraction techniques. In
Selective low power decoupling of the upfield nitrogen results the structure ofrans[HFe(PP™N,PM,(CHsCN)]*, two pendant

in a single doublet in théH NMR spectrum with the smaller ~ amines are positioned 2:®.7 A from the iron-hydride ligand
coupling constant (Figure 5c¢), while selective decoupling of the as a result of two chelate rings with boat conformations.
downfield nitrogen gives a doublet with the largérvalue However, upon protonation, no intramolecular NFeH ex-
(Figure 5b). When broadband high-powéN decoupling is change is observed by GOESY NMR experiments, indicating
applied, the signal at 14.2 ppm collapses to a singlet. The dataa relatively slow rate of exchange. Additional NMR studies of
support the structure shown in structi@dor a diprotonated the *N-labeled complex indicate that upon protonation the

_ The predominance of this isomer helps to explain why facile
Fe—H and N-H exchange and dihydrogen elimination are not
observed for this system. A diprotonated nickel(0) structure in

Summary and Conclusions
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flexible chelate rings favor two chair conformations that remove 59.04; H, 5.12; N, 6.89. Found: C, 58.67; H, 5.27; N, 6.8&.
the protons from proximity to the metal center and permit NMR (CDsCN): da = da = 31.7 ppm,dg = o = 35.8 ppm,
simultaneous interactions of both amines in each diphosphine?aa = 14.2 Hz,2Jgg: = —23.6 Hz,20ps = 95.3 Hz,2Jps = 60.3
ligand with a single proton (see structu@. This work Hz. ™H NMR (CDsCN, ppm): 7.76 (m), 7.64 (m), 7.50 (m), 7.32
highlights the need for additional design and study of how (M), 7.03 (m), 6.74 (m) (40 H total, §Els); 4.31 (m), 4.09 (m),
ligands may incorporate optimum features of flexibility and 3-65 (M), 3.34 (m), 2.84 (m) (16 H total, PGN); 2.38 (s) (6 H
positioning of pendant bases to promote catalyti¢/eH total, NCQHs). ESI*-MS, m/z (CHCN): 1133{ [Fe(P",NP",);(CHs-
transfers. CN)(BFa)}*; 983 {[Fe(PNPR) ](F)} ; 482 {Fe(PNPh)o} 2t
cis-[Fe(P®Y2NB2,),(CH3CN)2](BF,),, 6b. A one to two ratio of
[Fe(CHCN)el(BF.4). (0.349 g, 0.709 mmol) and®NEz, (0.701
g, 1.42 mmol) was reacted in acetone at room temperature. The
General Methods and Materials.All reactions were performed ~ Suspension was stirred overnight, undergoing a change to an orange-
under an argon atmosphere using standard Schlenk line techniquesy€llow solution. The volume of the solution was reduced to
Solvents were dried using standard procedures and distilled under@Pproximately 5 mL by applying a vacuum, and 15 mL of ether
nitrogen. Deuterated NMR solvents were dried over molecular Was layered on top. This solution was placed in 5 °C freezer
sieves and degassed using the frequemp-thaw method. Sodium overnight. The yellow-orange solid that precipitated was isolated
tetrapheny! borate, triflic acid, and fluoroboric acid (48% aqueous via filtration and recrystallized from methanol. Yield: 0.519 g, 57%.
solution) were obtained from commercial sources and used without Anal. Calc for GsHesBFsFeNsP,-2CH;OH: C, 58.08; H, 7.53; N,
further purification. [Fe(CHCN)gl(BF4),22 and the ligands £N,Ph, 6.16. Found: C, 57.92; H, 7.48; N, 5.89P NMR (CD;CN): 94
P,SYN,BZ, and BP'N,B2 17¢fwere prepared as described previously. = 0a = 30.8 ppm,dg = 0g = 32.2 ppm,2Jan: = 35.3 Hz,2Jpe
1H NMR, 3P NMR, and'sN NMR spectra were recorded on a = — /6.1 Hz,2Jag = 100.3 Hz,2Jag: = 51.4 Hz.*H NMR (CDs-
Varian Inova 400 MHz spectrometet!P spectra were proton- ~ CN, ppm): 7.55 (m), 7.41 (m), 7.36 (m), 7.26 (m), 6.85 (m) (20 H
decoupled and referenced to a phosphoric acid external standardtotal, GHs); 3.82 (m), 3.59 (m) (8 H total, NB,Ph); 3.21 (m),
1H chemical shifts are referenced to residual solvent proton shifts. 2:93 (M), 2.40 (m), 2.16 (m) (16 H total, PIoN); 1.96 (s) (6 H
15N chemical shifts are reported relative to external ammonia, total, free G43CN); 1.93-0.85 (br, m) (40 H total, gHyy). ESI*-
referenced indirectly to the frequency of the deuterated solvent. MS, Mz (CHiCN): 1213{[Fe(F¥2N®%)(CHiCN),|(BF4)} *; 1131
One-dimensionaBN NMR spectra were acquired with continuous ~ {[Fe(F2N®2)2](BF4)} 5 1063{[Fe(FYaN?%),](F)} *.
broadband irradiation of the protons to provide sensitivity enhance-  cis-[Fe(PP".NBZ,),(CH3CN),](BPhy), 6¢. A one to two ratio of
ment from both the NOE interaction and from decoupling. VT [Fe(CHCN)g](BF4)2 (0.42 g, 0.86 mmol) andA®NBZ, (0.82 g, 1.71
NMR experiments were allowed to equilibrate for 5 min at each mmol) along with excess NaBR(iL.46 g, 4.27 mmol) was reacted
temperature. Exchange studies were done using a GOESY (gradientin 25 mL of acetone at room temperature. The suspension was
enhanced NOE spectroscopy) pulse sequence. The NUTS softwarestirred overnight undergoing a change to an orange solution. Fifteen
package by Acron NMR Inc. was used to simulate second-order milliliters of methanol was stirred in, and the volume of the solution
spectre?® Electrospray ionization (ESI) mass spectra were collected was reduced to approximately 5 mL. The yellow-orange solid that
using an HP 5989B mass spectrometer with a HP 59987A formed was isolated via filtration and crystallized from acetone/
electrospray. Infrared spectroscopy was performed on a ThermoNi- ether (0.922 g, 62%). Anal. Calc fonGH11B2FeNsPs: C, 77.24;
colet Avatar 360 FT-IR ESP spectrometer using potassium bromide H, 6.37; N, 4.83. Found: C, 76.88; H, 6.17; N, 4.7 NMR
pellets. (CDsCN): 6p = dar = 35.1 ppm,dg = dg' = 38.2 ppm,2aa =
Syntheses. [Fe(P.NP,)(CH3CN),J(BF4)2 5. Aonetooneratio  10.3 Hz,2Jgp: = —20.6 Hz,2Jag = 92.3 Hz,2Jpp' = 62.7 Hz.'H
of [Fe(CH,CN)s](BF4)2 (0.42 g, 0.86 mmol) and 1,3,5,7-tetraphenyl- NMR (CDsCN, ppm): 7.27 (m), 6.99 (m), 6.84 (m) (40 H total,
1,5-diaza-3,7-diphosphacyclooctan&¥RFh) (0.39 g, 0.86 mmol) BCsHs); 7.70 (m), 7.55 (m), 7.37 (m), 7.30 (m), 7.18 (m), 7.06
was reacted in acetonitrile at room temperature. The suspension(m), 6.45 (m) (40 H total, ¢Hs); 4.27 (m), 3.71 (m) (8 H total,
was stirred for 2 h, undergoing a change in color to a red solution. NCHzPh); 3.18 (m), 2.61 (m), 1.86 (m), 1.28 (m) (16 H total,
The volume of the solution was reduced to approximately 5 mL PCH,N); 1.96 (s) (6 H total, free B3CN). ESI-MS, m/z (CHs-
by applying a vacuum, and ether was layered on top. The resultingCN): 1422 {[Fe(P%NB%),(CHsCN),J(BPhy)} *; 1381 {[Fe-
red-orange precipitate was filtered and washed with ether. Single (PPLNB%),(CH;CN)](BPhy)} ; 1340{[Fe(P%NB2,),](BPh)} +; 510
crystals were grown through vapor diffusion of diethyl ether into {[Fe(F"NB%),]} 2t
a methylene chloride solution of the complex. Yield: 0.45g, 62%.  cis-Fe(F"",NPh,),(Cl),, 8.0One equivalent of Feg(62 mg, 0.490
Anal. Calc for GeHaoB2FsFeNsP2: C, 50.98; H, 4.75; N, 9.91.  mmol) was added to 2 equiv oPBNPY, (448 mg, 0.985 mmol) in
Found: C, 50.66; H, 4.55; N, 9.87'P NMR (CD;CN): 50.2 (s, methylene chloride. The reaction was allowed to stir at RT
sharp).'H NMR (CDiCN, ppm): 7.76 (m), 7.71 (m), 7.31 (m),  overnight, during which a color change to purple occurred. The

Experimental Section

7.19 (m), 6.94 (m) (20 H total, §Els); 4.27 (m) (8 H total, PE,N); solvent was reduced to approximately 5 mL, and hexanes was
1.96 (s) (12 H total, NCHj). ESI*-MS, mVz (CH,CN): 529{[Fe- layered on top. Upon letting the flask sit atl5 °C for 12 h, a
(PPRNPL)I(F)} purple solid formed, which was filtered off and washed with

cis-[Fe(PP",NP",),(CH3CN),](BF4),, 6a. A one to two ratio of hexanes (274 mg, 54%). Anal. Calc fogs8s¢Cl.FeNsP,. C, 64.94;
[Fe(CHCN)g](BF4)2 (0.35 g, 0.71 mmol) andNPh, (0.65 g, 1.4 H, 5.45; N, 5.41. Found: C, 64.51; H, 5.39; N, 5.4%P NMR
mmol) was reacted in acetone at room temperature. The suspensiofCDCL): dx = da = 29.9 ppm,dg = dg = 42.8 ppm,Zaa’ =
was stirred overnight, undergoing a change to an orange solution.56.3 Hz,2Jgg = —10.2 Hz,2Jag = 103.1 Hz 2Jpg = 69.3 Hz.1H
The volume of the solution was reduced to approximately 5 mL NMR (CDCls;, ppm): 7.89, 7.58, 7.36, 7.01, 6.92, 6.51, 6.43 (br,
by applying a vacuum, and 20 mL of diethyl ether was layered on 40 H total, GHs); 5.13, 4.45, 4.16, 3.69, 3.28, 3.12, 2.42 (br, 16 H
top. The resulting orange precipitate was filtered and washed with total, PGH,N). ESF-MS (CH;CN): 1000mvz [Fe(PL.NPh),(CI]*.

ether. Yield: 0.87 g, 58%. Anal. Calc forsfHeBFsFeNsPs: C, trans-[HFe(PP,NPR,) (CHSCN)](BF4), 7. [Fe(PNPL),(CHy-
. CN),](BF4)2 (0.51 g, 0.42mmol) and a large excess of PPNYBH
(22) (2) Hathaway, B. J.; Underhill, A. B. Chem. Sacl96Q 3705~ (1.61 g, 2.91 mmol) were added to acetonitrile (20 mL). An

g;%,lz'ég)zggm%_ P. A Smith, J. A.; Szalay, P. X. Weisgerberindrg. evolution of hydrogen took place followed by a gradual change in

(23) Stott, K.; Keeler, J.; Van, Q. N. and Shaka, AJJMagn. Reson. color to a yellow solution. The solution was stirred # h and
1997 125, 302-324. then filtered to remove the excess solid. The solvent was removed
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from the filtrate with a vacuum, and the resulting yellow solid was
dissolved in 5 mL of methanol. After letting the flask sit for 24 h
at —15 °C, the yellow solid that formed was filtered off. The

Organometallics, Vol. 26, No. 20, 3009

corresponds to a half-life of 16 min. Similar experiments showed
rate constants of1.1 x 1072 s! (t3p, = <1 min) for cis[Fe-
(Ppthth)(CH3CN)4](BF4)2, 5, and 1.7x 104s! (t1/2 =67 mln)

recrystallization from methanol was repeated, and then a final for trans[HFe(P".NP),(CHCN)](BF,), 7.

recrystallization from methylene chloride/ether was performed,
yielding a product that is pure according bl and 3P NMR
spectroscopy. Yield: 35 mg, 8%P NMR (CD;CN): 6 50.1 ppm

(br s).'H NMR (CDsCN, ppm): 7.26 (m), 7.17 (m), 7.13 (m),
6.91 (m) (40 H total, @Hs); 4.02 (br), 3.79 (br), 3.75 (br), 3.27
(br) (16 H total, PCHN); 3.44 (s) (3 H total, NCEl3); —20.02
(p), 2Jpy = 45.3 Hz (1H total, Féd). ESI*-MS, m/z (CH;CN): 1025
{[Fe(PNP)(CHCN](F)} *; 965{ (Fe(PuNPL)(H)} +; 482{ Fe-
(PPLNP,) ) 2%,

Alternatively, the tetraphenylborate salt of this complex was
made by stirring [Fe®,NP),(CH3CN),](BF4), (0.30 g, 0.24mmol),
PPNBH, (0.80 g, 1.45 mmol), and excess NaBR0.837 g, 2.42
mmol) in acetonitrile. After stirring fo4 h excess solid was filtered
off. The solution was taken to dryness, and approximately 10 mL
of methanol was added. The solution was then reducee4tonL
and filtered. The resulting product was isolated as a mixture of
PPN(BPh) and product. Recrystallization from dichloromethane/
methanol improves purity (73 mg, 27%). While this method
produces a higher yield, a completely pure product is difficult to
obtain.

Variable-temperature NMR was performed by dissolving ap-
proximately 20 mg of [Fe(P.NPh),(CH;CN)(H)]* in acetoneds
and cooling to—50 °C in the NMR probe3!P NMR (acetoneds):
at 23°C, 0 = 50.9 ppm (br); at-50 °C, 0p = oa = 45.7 ppm s
= 65' =57.2 ppm,zJAA' =325 HZ,z\JBB' =—-4.8 HZ,ZJAB =56.1
Hz, 2Jpp = 106.2 Hz.'H NMR (acetoneds, ppm): at 23°C,
—19.81 (p),2Jpn = 44.6 (1H, FeH); at —70°C, —19.74 (tt),J; =
J, = 26.5 HzJ; = J, = 62.2 Hz, (1H, FdH). The coalescence
point occurs at approximately &C.

Protonation of [HFe(PP",NPM,),(CHCN)](BF4), 7. [HFe(CHs-
CN)(PPNPh,)-](BPhy) (25 mg, 0.019 mmol) was dissolved in
acetoneds in an NMR tube and cooled te-50 °C. Triflic acid
(6.7 uL, 0.076 mmol) was rapidly added, the tube was placed into
the precooled<{50 °C) NMR probe, and low-temperatufé® and
IH NMR spectra were recordettP NMR (acetones): 30.1 ppm
(br). 'H NMR (acetoneds, ppm): major isomer (structu@®: 14.15
(s, 2H, NH-N); —20.63 (p, 1H, FeH, 2 = 49.8 Hz); isomer 2:
12.18 (s, 0.33 H, NH); —21.32 (p, 0.14 H, Féd, 2J = 47 Hz).
Other isomers: 9.74, 9.89 (0.25 H, N)x

A GOESY experiment was performed on a similarly prepared
sample at-60 °C with a mixing time of 300 ms. The magnetization
of the hydride peak at-20.63 ppm was selectively inverted, and

Attempted Hydride Exchange with D,O. trans[HFe-
(PPRNPR)o(CH3CN)](BF,), 7 (20 mg, 0.015 mmol), was weighed
into a NMR tube and dissolved in GDN. An initial spectrum
was taken, and D (50uL, 2.50 mmol) was added. The integration
of the hydride resonance at20.0 ppm was monitored over time.
After 2 days the hydride resonance had maintained its original
integral versus the integral of a single Ng resonance.

X-ray Analysis of [Fe(PP",NPh,)(CH3CN)4](BF4)2, 5. Crystals
suitable for X-ray diffraction studies were grown from acetonitrile/
methylene chloride/ether. A crystal of appropriate size was mounted
on a glass fiber using Paratone-N oil, transferred to a Siemens
SMART diffractometer/CCD area detector, centered in the beam
(Mo Ka; 4 = 0.71073 A; graphite monochromator), and cooled to
—122°C. Preliminary orientation matrix and cell constants were
determined by collection of 60 10-s frames, followed by spot
integration and least-squares refinement. A minimum of a hemi-
sphere of data was collected using®Ou8scans at 30 s per frame.
The raw data were integrated and the unit cell parameters refined
using Saint. Data analysis was performed using XPREP. Absorption
correction was applied using SADABS. The data were corrected
for Lorentz and polarization effects, but no correction for crystal
decay was applied. Structure solutions and refinements were
performed (SHELXTL-Plus V5.0) of?2.

Preliminary data indicated a monoclinic cell. The choice of the
P2(1)/c space group was supported by the successful solution and
refinement of the structure. All non-H atoms were refined aniso-
tropically. All H-atoms were placed in idealized positions and were
included in structure factor calculations but were not refined.

X-ray Analysis of [Fe(PPh,NB2,),(CH3CN),](BPhy),, 6b. The
crystal structure for6b was performed in a similar manner as
reported forb, except the crystals were grown from acetone/ether
vapor diffusion. Preliminary data indicated a monoclinic cell. The
choice of theP2(1)/h space group was supported by the successful
solution and refinement of the structure.

X-ray Analysis of [HFe (PPP,NPh,),(CH3CN)](BF4), 7. The
crystal structure fo¥ was performed in a similar manner as reported
for 5, except the crystals were grown from methylene chloride/
ether vapor diffusion. Preliminary data indicated a monoclinic cell.
The choice of theP2(1) space group was supported by the
successful solution and refinement of the structure. All H-atoms
except the hydride (H1) were placed in idealized positions and were
included in structure factor calculations but were not refined. The

the resonances of the NH peaks were monitored. However, nohydride (H1) was located in a difference Fourier map and was

inverted exchange peak was observed.

The N-enriched version of [HFe(C}N)(PPLNPL),](BPhy)
was synthesized via use BN-enriched aniline in the original ligand
reaction. Protonation with triflic acid and low-temperature NMR
were performed according to the above proceddte. NMR
(acetoneds): major isomer (structurg): 14.21 (dd)J; = 26.7 Hz,

J, =43.0 Hz, (2 H, NH-N); isomer 2: 12.21 (dy = 74 Hz, (0.33
H, N—H). Other isomers: 9.80 (d), 9.96 (d)~= 56 Hz, (0.25 H,
N-H). 1N NMR (acetoneds): 59.0 (br); 58.2 (br).'"H NMR
(acetonedg) using low-power selectiv®N deoupling: 14.21 (dy
= 16 Hz (upfield nitrogen (59.0 ppm) decoupled); 14.21 J{d¥
29 Hz (downfield nitrogen (58.2 ppm) decoupledd NMR
(acetoneds) using broadband high-pow&N deoupling: 14.21 (s).

Acetonitrile Exchange. cis-[Fe(P"NP)(CH3CN),](BF4),, 6a
(approximately 20 mg), was dissolved in 0.7 mL of acetonitiye-
at 23+ 2 °C. The integral of the acetonitrile resonance at 2.38
ppm was followed as a function of time. A first-order plot (lhg)
vs time) was used to obtain a rate constant ofs<7 B0~ s~1, which

refined isotropically. The Flack parameter refined to 0.0040 with
an esd of 0.0243. The conformation was chosen because inversion
of the structure gave a value near 1.
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