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The mechanism of the boron metathesis reaction of the transition-metal—aminoborylene complex Cp(CO),FeBN-
(CHa),* (8) with EX, where EX = H3PO (9ap), HzAsO (9bp), HsPS (9aq), HsAsS (9bq), CH3CHCH; (9cr), (NHy),-
CCH, (9dr), H,CO (9ep), and (NH2).CO (9dp) is investigated at the B3LYP/LANL2DZ level. The analysis of bonding
and charge distribution shows that the Fe—borylene complex (8) is a Fischer-type carbene analogue. The attack
of the olefin takes place at the metal end of the M=C bond of the metal—carbene complex in olefin metathesis and
proceeds via [2 + 2] cycloaddition, while in boron metathesis, the initial attack of the substrates takes place at the
positively charged B atom of the Fe—borylene complex and forms the preferred acyclic intermediate. The energetics
of boron metathesis is comparable to that of the olefin metathesis. Substrates that are polar and a have low-lying
o* molecular orbital (weak ¢ bond) prefer the boron metathesis reaction. The relative stability of the metathesis
products is controlled by the strength of the Fe—E and B—X bonds of the products 13 and 14, respectively. We
have also investigated the possibility of a S-hydride-transfer reaction in the Fe—borylene complex.

Introduction and led to a Nobel Prize for H. C. Brownt took another

It is fascinating to compare and contrast the chemistry of 30 Years for hydrocarbation to be established.

the two adjacent elements in the periodic table, boron and Olefin metathesi$discovered in 1967, provides a reverse
carbon! Differences among them are plentiful. Carbon Scenario. The versatility of the metathesis reaction in
provides the basic structural framework for life, while boron chemistry is recognized by the award of 2005 Nobel Prize
is needed only in trace quantities to sustain it. Compounds o Robert Grubbs, Richard Schrock, and Yves Chabiine

of carbon provide the best examples for two-center, two- Metathesis reactions involving atoms such a$ &, Ga?
electron bonding. In contrast, boron and its compounds and N have been slowly coming to light. There are limited
ushered in multicenter bonding. Despite these differences,examples of metathesis involving Mef(SiMe;),,'* and
there are several aspects common to both carbon andhese metathesis reactions proceed through B cycload-
boron?-% Advances in the chemistry of one element in a
particular direction, however, can go faster than those of the (4) (&) Grubbs, R. HHandbook of MetathesiViley-VCH: Weinheim,
other. Hydroboration, for example, was discovered in 1948 Sﬁ;rr?ﬁ”,yﬁt?gggbégu“fy95"){;’.‘%&)550';5(')‘;’, . ﬁag‘l‘éfﬁe';"ggg"v&
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Scheme 1. Schematic Representation of the Reactiong:ofa) Metathesis Reaction with AX and (B}Hydride-Transfer Reaction with PEBO
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dition and the regiospecificity is decided by the polarity (i-PrpOPPR* (3, where A= PhP, X = O) was isolated

of both B=C and the attacking double bonds. Despite the for the reaction of P¥PO and the Feborylene complex.

fact that there are several transition-metadrylene com- The reaction of PYCO with 1, however, does not follow
plexes knowrt? no metathesis reactivity studies on those the metathesis pathway; the ligand transformation process,
complexes have been reported to date. Even though theryeerwein-Ponndorfs-hydride transfer from an isopropy!

is a close relationship between transition-metadrylene  gypstituent of the aminoborylene ligand to the coordinated

complexes and metatarbene complexes, most of the earlier
studies of the reactivity of borylene complexes toward
unsaturated substrates containinrg@and G=0 bonds have
shown the borylene ligand to undergo a displacement
reactiot® rather than the cycloaddition or metathesis
reactions, which are commonly observed in metarbenes.
Recently, metathesis reactions of the transition-metal
aminoborylene complex [Cp(C&PeBN(-Pr)] "(BArf,)~ (Arf

= 3,5-(CR)2CsH3) (1) with AX (2), where A= PhP,
PheAs; X = O, S, were reported by Aldridge and co-workers
(Scheme 1aYItled totheisolation of [Cp(CQlFe(A)] (BAr,)~

(4) and (-PrpNBX (5). An addition-substitution pathway
through intermediat@ (Scheme 1a) was suggested for the
reaction. The amino(oxo)boryl intermediate Cp(GREBN-

(10) (a) Hazari, N.; Mountford, PAcc. Chem. Re2005 38, 839. (b)
McCowan, C. S.; Caudle, M. Dalton Trans.2005 238. (c) Bailey,
B. C.; Fout, A. R.; Fan, H.; Tomaszewski, J.; Huffman, J. C.; Gary,
J. B.; Johnson, M. J. A.; Mindiola, D. J. Am. Chem. So2007,
129 2234.

(11) Paetzold, P.; Englert, U.; Finger, R.; Schmitz, T.; Tapper, A,;
Ziembinski, R.Z. Anorg. Allg. Chem2004 630, 508.

(12) (a) Braunschweig, H.; Herbst, T.; Rais, D.; SeelerAkgew. Chem.,
Int. Ed. 2005 44, 7461. (b) Braunschweig, H.; Kollann, C.; Englert,
U. Angew. Chem., Int. EdL998 37, 3179. (c) Braunschweig, H.;
Colling, M.; Kollann, C.; Stammler, H. G.; Neumann, Bngew.
Chem., Int. Ed2001, 40, 2298. (d) Braunschweig, H.; Colling, M.;
Hu, C.; Radacki, K.Angew. Chem., Int. EQ2003 42, 205. (e)
Braunschweig, H.; Forster, M.; Radacki, Kngew. Chem., Int. Ed
200§ 45, 2132. (f) Wrackmeyer, BAngew. Chem., Int. EAL999
38, 771. (g) Cowley, A. H.; LoméJiV.; Voigt, A. J. Am. Chem. Soc.
1998 120 6401. (h) Coombs, D. L.; Aldridge, S.; Coles, S. J,;
Hursthouse, M. BOrganometallic2003 22, 4213. (i) Coombs, D.
L.; Aldridge, S.; Rossin, A.; Jones, C.; Willock, D.Qrganometallics
2004 23, 2911. (j) Irvine, G. J.; Rickard, C. E. F.; Roper, W. R;;
Williamson, A.; Wright, L. JAngew. Chem., Int. EQ00Q 39, 948.
(k) Braunschweig, H.; Rais, D.; Uttinger, lingew. Chem., Int. Ed
2005 44, 3763. (l) Braunschweig, H.; Kollann, C.; Rais, Bngew.
Chem., Int. Ed2006 45, 5254.
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Int. Ed. 2005 44, 7457. (b) Kays, D. L.; Rossin, A.; Day, J. K.; Ooi,
L. L.; Aldridge, S.Dalton Trans.2006 399.
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ketone, takes place instead (Scheme!il@)bviously, not

all unsaturated substrates are suitable to undergo metathesis

with the borylene complex. This raises many interesting
questions about the details of the reaction, the characteristics
of the metat-borylene complex, and the unsaturated sub-
strates likely to undergo boron metathesis. It will also be
intriguing to probe the detailed mechanism and the energetics
of the boron metathesis reaction. These questions are
especially attractive in view of our interest in finding parallels
in the chemistry of boron and carlbdn'3® and prompted
the study of these reactions using the model borylene
complex Cp(COyeBN(CH;)," (8) with the unsaturated
substrates PO (Qap), HsAsO (Obp), HsPS Qaq), HzAsS
(9bq), CHsHCCH, (9cr), (NH,),CCH, (9dr), H,CO (9ep),

and (NH).CO (9dp) (Scheme 2). The boron metathesis
reaction of the derivative of the first three substrates with
the Fe-borylene complex1) is observed experimentally.
The substrateScr, 9dr, 9ep, and9dp were chosen so that
the reactivity of the Feborylene complex toward alkenes
and carbonyl compounds could be examined.

Computational Details

All structures were optimized using the hybrid HF-DFT method,
B3LYP/LANL2DZ, based on Becke’s three-parameter functional
including the Hartree Fock exchange contribution with a nonlocal
correction for the exchange potential proposed by B¥ekab
together with the nonlocal correction for the correlation energy
suggested by Lee et ¥l17¢ The LANL2DZ basis set uses the

(15) Kays, D. L.; Day, J. K.; Aldridge, S.; Harrington, R. W.; Clegg, W.
Angew. Chem., Int. EQ006 45, 3513.

(16) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio
Molecular Orbital Theory Wiley: New York, 1986.

(17) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Becke, A. D.
Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098. (c) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B: Condens. Matter Mater. Phy&988
37, 785.
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Scheme 2. Schematic Representation of the Mechanism of Boron Metathesig-&tydiride-Transfer Reaction of the F8orylene Complex8 with
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Scheme 3. Schematic Representation of the HOMO and LUMO of (a}Berylene Complex, (b) the MetaiCarbene Complex, and (c) Substrates

effective-core potential of Hay and Walt!® The nature of the =S, andr = CH,). For examplel0apdescribes structure number

stationary points was characterized by vibrational frequency 10in which the substrate (EX) attached to thefberylene complex

calculations. TheGaussianO3program package was used in this is H3PO, which will correspond to the entry under rawnd column

study?® The charge distributions were obtained by NBO anal§fsis.  p in Scheme 2. The structure numbéa and 14p, for example,
Scheme 2 shows the numbering used. The structures arerepresent the final metathesis products wieecerresponds to kP

numbered using Arabic numerals. The various substrates (EX) areandp corresponds to O.

represented by the combination of two letters. The E is represented

by five letters & = H3P, b = H3As, ¢ = CH3;CH, d = (NH).C, Results and Discussion

ande = H,C), and the X is represented by three lettgrs{O, q

The reactants for olefin metathesis are metarbene

(18) (a) Hay, P. J.; Wadt, W. R. Chem. Phys1985 82, 270. (b) Wadt, complexes and olefins, while metaborylene complexes and
W. R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt, .
W. R.J. Chem. Phys1985 82, 299. polar substrates are the reactants for boron metathesis.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, Though the structure and bonding of borylene complexes
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, ; ; ; 15,21 : ; :
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, are descnbe{j in the literatute, we begin with a brief
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. recapitulation for the Feborylene complex Cp(CGQeBN-
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R (CHj,),* (8) to understand the reaction. The details of the
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, . . . .
H.: Klene, M.: Li, X.: Knox, J. E.: Hratchian, H. P.: Cross. J. B, mechanism obtained from the theoretical calculations are

Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. discussed next, followed by the competitiyehydride-
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; (21) (a) Boehme, C.; Uddin, J.; Frenking, Goord. Chem. Re 200Q

Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, 197, 249. (b) Frenking, G.; Fidich, N. Chem. Re. 200Q 100, 717.
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G; Clifford, S; (c) Ehlers, A. W.; Baerends, E. J.; Bickelhaupt, F. M.; Radius, U.
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Chem—Eur. J. 1998 4, 210. (d) Radius, U.; Bickelhaupt, F. M.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al Laham, M. A.; Ehlers, A. W.; Goldberg, N.; Hoffmann, Rnorg. Chem.1998 37,
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; 1080. (e) Coombs, D. L.; Aldridge, S.; Jones, C.; Willock, DJJ.
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Am. Chem. So@003 125 6356. (f) Aldridge, S.; Rossin, A.; Coombs,
Gaussian03revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. D. L.; Willock, D. J. Dalton Trans.2004 2649. (g) Musaev, D. G;
(20) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, Morokuma, K.J. Phys. Chem1996 100, 6509. (h) Dickinson, A.
899. (b) Weinhold, F.; Carpenter, J. E. The Structure of Small A.; Willock, D. J.; Calder, R. J.; Aldridge, SOrganometallic2002
Molecules and lonsPlenum Press: New York, 1988; p 227. 21, 1146.
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transfer reaction. Even though the aminoborylene complex

is formally isolobal to the vinylidene compléxthe more

general carbene complex for olefin metathesis was taken as |

the reference for comparison.

A. Electronic Structure of the Fe—Borylene Complex
Cp(CO),FeBN(CHs),t (8) and Its Metathesis Reaction.
All the theoretical studies on metaborylene complexes
show that the metalboron bond is formed by the donation
from the boron to the metal and tleback-donation from
the metal to boroA?41521 The calculated geometrical pa-
rameters of the Feborylene complex are close to the
experimentally reported valuégSupporting Information).
It is possible to anticipate from the difference in the
electronegativity of the B and Fe atoms that the-Berylene

De et al.

0C, +
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K oc,
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H,C CH;
8 9 13 14

H3AsS @bq) are calculated to be exothermic (Table 1). The
substrate®ap and9bp, which have the same X substituent
(X = 0), show almost similar reaction energies. Similarly,
the substrateSaqg and9bqg (X = S) also have comparable
reaction energies. The analysis of charge distribution (Table
1) shows that the more polar-& bonds @ap and 9bp)

give more exothermic reactions as compared with the less

complex 8 is a Fischer-type carbene analogue with a polar E-X bonds @aqand9bg). Owing to the lower polarity
polarization of charge, making Fe the negative end. The of propene 9cr), the reaction is largely endothermic (Table

analysis of natural charge distribution on the-f®rylene
complex8 shows negative charge on Fe(.38) and positive
charge on B40.95). The charges on the fragment<).34
on Cp(CO)Fe and+0.66 on BN(CH),, also indicate the

1); therefore, we did not investigate the reaction mechanism
for 9cr. The reaction of more polarJ@0O (Qep) is calculated

to be exothermic by 1.7 kcal/mol. In order to understand

the effect of electron-donating substituents, the H and CH

electropositive nature of B compared with Fe. The molecular groups on carbon i®cr and 9ep were substituted by NH

orbital (MO) analysis shows the donation from B to Fe
and ther back-donation from Fe to B (Supporting Informa-
tion).

Generally, metatcarbenes involved in olefin metathesis
are 16- or 14-electron complex&€ while the Fe-borylene

groups. The reaction of the resultant diaminoalkeJur) is
exothermic by 6.2 kcal/mol. Similarly, the reaction @dp
is more exothermic as compared wBkp It is clear from
the energetics that the more polar substrates [#HOap),
H3AsO (9bp), HsPS Qag), and HAsSS ©Obq) are preferred

8is an 18-electron complex with greater negative charge on for boron metathesis reaction (Table 1). The experimental
the metal. The highest-occupied molecular orbital (HOMO) ©observation of the boron metathesis reaction for the deriva-

of the Fe-borylene complex is a nonbonding metal orbital,

whereas the lowest-occupied molecular orbital (LUMO) is

tives of the substrateFap, 9bp, and9bq supports this result.
The energetics of the boron metathesis reaction can be

ax*-MO mainly localized on the B atom (Scheme 3a). This analyzed using the relative stabilities of the-ffeand B-X
is in contrast to the carbene complexes that undergo olefinbonds of the products3 and14 compared to the FeB and

metathesis, where the HOMO is generally %10 between
the metal and the carbon and the LUM®a d orbital on

E—X bonds of the reactant8 and 9. Reactions 2 and 3
(Table 2) are used to explain these relative stabilities. The

the metal (Scheme 3b). Hence, the electrophilic center is thepreference for hardhard and soft soft interactions explains

B atom in the Fe-borylene complex and the metal atom in

the greater stability of the BO bond compared with the

the metat-carbene complexes. As a result, the unsaturated B—S bond (reactions 2a and 2b). Reaction 2c specifies that

substrates prefer to interact with the B atom in the-Fe
borylene complex and with the metal atom in the metal
carbene complexes.

the formation of the B-C bond (L4r) is less favorable than
that of the B-O bond (4p). Hence, the order of stability of
the B—X bond in14 is B—O (14p) > B—C (14r) > B—S

In order to understand the mechanism for boron metathesis(140)- The formation of the FeP (13a) and Fe-As (13b)

reaction of transition-metalborylene complexes, the model
complex8 and the substrates;AO Qap), HsAsO (Obp),
HsPS Qaq), HzAsS ©Obq), CH;HCCH, (9cr), (NH,).CCH;,
(9dr), H.CO (9ep), and (NH),CO (9dp) were used (Scheme

bonds is 41.2 and 42.8 kcal/mol more favorable when
compared with the FeC(NH,), bond formation in13d
(reactions 3a and 3c). Similarly, the reactions 3b and 3d show
that the Fe-P (138 and Fe-As (13b) bonds are 72.7 and

2). The energetics of the boron metathesis reaction, evaluated 4-3 kcal/mol more stable than the-F€H, bond(13e) The

using reaction 1, gives insight into the feasibility of boron
metathesis with various substrates.

The reaction energies of the +borylene comple with
the substrates 420 Qap), HzAsO (Obp), H3PS Qaq), and

(22) (a) Bernardi, F.; Bottoni, A.; Miscione, G. Prganometallic2003
22, 940. (b) Fomine, S.; Vargas, S. M.; Tlenkopatchev, M. A.
OrganometallicR003 22, 93. (c) Janse van Rensburg, W.; Steynberg,
P. J.; Meyer, W. H.; Kirk, M. M.; Forman, G. S. Am. Chem. Soc.
2004 126, 14332. (d) Suresh, C. H.; Koga, Brganometallic2004
23, 76. (e) Lippstreu, J. J.; Straub, B. & Am. Chem. SoQ005
127, 7444, (f) Burdett, K. A.; Harris, L. D.; Margl, P.; Maughon, B.
R.; Mokhtar-Zadeh, T.; Saucier, P. C.; Wasserman, EDriganome-
tallics 2004 23, 2027.
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comparison of reactions 3a,b and 3c,d indicate that thed-e
bond in Fe-C(NH,), is more stable than the F&€ bond in
Fe—CH,. Thez-donor NH ligands raise the energy of the
p orbital on the carbene, making it a bettedonor and a
poorsr acceptor to the metal. As a result, the Fischer carbene
13d (Fe—C(NH,),) is more stable compared wittBe (Fe—
CH,). Hence, the order of stability of the F& bond is as
follows: Fe—As (13b) > Fe—P (138 > Fe—C(NH,), (13d)
> Fe—CH, (138.

The greater exothermicity of the reaction 1 for the
substrates kPO @ap) and HAsO (Qbp) can be attributed
to the formation of the more stable bond in14p as
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Table 1. Energies AE in kcal/mol) from Reaction 1 and Distribution
of Natural Charges on E and X in the Substredgs

substrate
9ap 9bp 9aq 9bq 9cr  9dr 9ep 9dp
AE —744 —76.0 —43.8 —414 +455 —6.2 —1.7 —-33.2
Ac 209 228 098 126 025 1.03 073 154

charge +1.12 +1.29 +0.46 +0.69 -0.18 +0.41 +0.23 +0.84
onE
charge
on X

—0.97 —-0.98 —-0.52 —-0.57 —0.43-0.62-0.51 —0.70

@ Note thatAc is the difference between the natural charge on E and X.

Table 2. Reactions to Estimate the Relative Stabilities of-Eeand
B—X Bonds in13 and 14

reaction AE (kcal/mol) reaction no.

H3PO+ (CH3),NBS— H3PS+ —30.7 2a
(CH3)2NBO

H3AsO + (CH3z),NBS — H3AsS + —34.5 2b
(CH3)2NBO

(NH2)2CO + (CH3),NBCH, — —27.0 2c
(NH2)2CCH, + (CHz3),NBO

Cp(COYFeC(NH)," + HzPO— —41.2 3a
Cp(COpFePH" + (NH2)CO

Cp(COpFeCH*' + HsPO— -72.7 3b
Cp(COYFePH" + H,CO

Cp(COYFeC(NH)," + HzAsO— —42.8 3c
Cp(COYFeAsH™ + (NH).CO

Cp(COYFeCH* + HsAsO— —74.3 3d

Cp(COYFeAsH;* + H,CO

well as the Fe-P and Fe-As bonds in13aand 13b. The
reaction energies for the substrates®B Qaq) and HASS
(9bq) are less exothermic than those for the substrates H
PO ©@ap) and HAsO (Qbp). This is partially due to the
formation of the less stable-BS bond in14q. The substrate

Figure 1. Reaction energy profile for metathesis reaction of the-Fe
borylene complex8) with the substrate®J indicating the relative energies
of the intermediateslQ, 11ep and12), the transition statesl{ap 11bp,
and1lag), and the productsl@ and 14).

where A= PhP, X = O) was isolated for the reaction of
PhPO and Feborylene complex1.'* The geometrical
parameters afOap (Supporting Information) are comparable
to this experimentally reported structure. The-fBe-X—E
dihedral angle varies within a range of-0° in 10ap
(18.0°), 10bp (22.4), and10aq (1.2°), but the Fe-B—S—
As dihedral angle i10Obqis 67.8. The larger value of this
dihedral angle arises from the nonbonded interaction between
the large HAs group and the ligands on Fe. The donation
of iz electrons from EX to the empty p orbital on B is also
reflected in the elongated EX, Fe—B, and B-N bond
distances in intermediate) (Supporting Information). The
substrate®dr, 9dp, and9epalso form the acyclic intermedi-
ates10dr, 10dp, and10ep

The descending order of negative charge on X is as

9cr gives the least stable products due to the formation of follows: 9bp > 9ap >9dp > 9bqg > 9dr > 9aq > 9ep

the less stable BC (14r) and Fe-CH, (136 bonds. The
relative stabilities of the FeC(NH,), (13d) and Fe-CH,
(138 bonds as well as the-BO (14p) and B-C (14r) bonds

(Table 1), while the order of stability of the intermediate
is 10bp > 10ap > 10dr > 10dp > 10ep> 10bqg > 10aq
(Figure 1). The stability of10dr and 10ep is not in

explain the order of energies (Table 1) for the reactions of accordance with the order of the negative charge on X. The

the substrate8dr, 9ep, and9dp. The reaction energies for
the substrates are in the or@p (B—0O and Fe-C(NH,),)-

> 9dr (B—C and Fe-C(NHy),) > 9ep(B—0 and Fe-CHy,)
(Table 1).

Let us now discuss the details of the individual steps
involved (Figure 1). The first step of the reaction is the
formation of acyclic intermediat&0, where X of EX forms
a bond with B (Scheme 2). The HOMO of the-Haorylene
complex @) is a d orbital, and the LUMO is a* MO largely

analysis of charge distribution shows tHdlep should be
the least stable intermediate ab@dr should be less stable
than10dp and10bg. The stability of10dr over10dpis also

not in tune with the greater stability of the-B) bond
compared with the BC bond (reaction 2c). The pyramidal
N atom in9dr becomes planar in the intermedidiedr and
results in the delocalization of electrons in the BICKNH,),
moiety, which causes the additional stabilization. The extent
of stabilization gained bylOep compared with10bq and

localized on B (Scheme 3a). The HOMO of the substrates 10aqis attributed to the formation of the more stable ®

9ap, 9bp, 9aqg, and 9bq is a lone pair on the more
electronegative X, and the LUMO is tlw& MO at the E-X
bond (Scheme 3c). On the other hand, the HOMadf,
9ep, and9dp is azr MO, which is mainly localized on X,
and the LUMO is ther* MO mainly localized on E. Hence,
the acyclic intermediatd0 is formed by the donation of
electrons from the HOMO of EX to the empty p orbital on
the B atom (LUMO). This is in contrast with the formation

bond in10eprather than the weak BS bond in10bg and
10ag Thus, in general, the intermediat® is more stable
when the X of EX has more negative charge. After the
donation ofz electrons from EX to the empty p orbital on
the B atom, a decrease in the positive charge on the B atom
and in the negative charge on X in the intermedibfes
observed (Supporting Information).

The transition stateslap, 11bp, andllagare 21.3, 15.0,

of the four-membered cyclic intermediate in olefin metathesis and 30.4 kcal/mol higher in energy than the respective

by the attack of ther MO of olefin to the LUMO on metal.
An acyclic intermediate Cp(CGHeBN(-Pr,OPPh* (3,

intermediated 0. Here the major interaction is between the
filled metal d orbital (HOMO) and the* MO (LUMO),
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Figure 2. Four-membered transition states of different olefin metathesis reactions from the literature. The energy h&griersdal/mol) for the formation
of the transition states and reference numbers are given below each structure.

which is more localized on positively charged E (Scheme
3c). Therefore, the greater the positive charge on E in
10, the lower the barrier for the formation of the products
(Figure 1). The natural charges on E i0ap, 10bp, and
10aq are +1.15, +1.36, and +0.52, respectively. The
descending order of charges on E1f, 10bp > 10ap >
10aq agrees with the ascending order of the energy batrrier,
11bp < 1lap < 1laq It is possible that the nonbonded
interaction between #As and the ligands on Fe, which
results in the dihedral angle of 67.8n 10bq, prevents
the approach of BAs toward the metal center. We could
not locate a transition state for this step. The cyclic
intermediatellepis similar to the intermediates in olefin
metathesis and is formed by the donation of electrons from
the d orbital of Fe (HOMO) to the empty* orbital (LUMO)

at the G-C bond (Scheme 3, parts a and c). The@o
bond in1lepis not considerably affected in comparison to
1lap, 11bp, and1lag and thus the four-membered cyclic
intermediate can be stabilized. The structudrédp and11dr

could not be located on the potential energy surface by us,

probably due to the destabilizing nonbonded interaction
between the ligands of the Féorylene complex and the
substrates.

The transition stateé¢lap 11bp, and11aq lead to the
productsl3 and14 by breaking the FeB and E-X bonds.

Figure 3. Correlation diagram between the HOM&, andz* MO levels
of the substrate§. The HOMO and LUMO levels o8 are also shown.

hydride-transfer productlg) (Scheme 2). The metathesis
products are formed by the donation of metal d electrons to
the LUMO of the EX, and the hydride-transfer product is
formed by the interaction gf-hydride with the LUMO of
EX. Therefore, the preference @fhydride transfer over
metathesis depends upon the relative energies of these two
interactions.

Figure 3 shows the correlation diagram connecting the

The energetics of the boron metathesis is greatly influencedHOMO, o*, and #* MO levels of the substrates as well

by the bond energy of the F& and B-X bonds in the
products. The cyclic intermediafelepgoes to the products
13e and 14p via another acyclic intermediaté2ep The
intermediates similar td.2ep are not stationary points on

as the HOMO and LUMO of the Feborylene comple8.
It is clear from the diagram that the substrat@ap,
9bp, 9aqg, and 9bq have a low-lyingo* MO and the
substrate9dr, 9ep, and9dp have a low-lyingz* MO. This

the potential energy surfaces for the other substrates. Thedifference in energy levels is due to the weakebond
calculated energy barriers for the boron metathesis reactionin 9ap, 9bp, 9ag, and 9bg compared with that irodr,

are within the range of 1530 kcal/mol. Figure 2 shows
various four-membered transition states of the olefin me-
tathesis reaction available in the literatéteThe energy
barriers for the formation of the transition states in the
metathesis reaction of the Fborylene complex are in the
range of those obtained for the olefin metathesis.

B. f-Hydride Transfer Versus Boron Metathesis.The
reaction of PBCO and [Cp(CO¥eBN(-Pry] T(BArf)~ (1)
does not follow the metathesis pathway; the ligand trans-
formation process, similar to the MeerweiRonndorfs-hy-
dride transfer from an isopropyl substituent of the aminobo-

9ep, and9dp. The interaction of the hydride from the GH
group in N(CH), with the low-lying o* MO of 9ap, 9bp,

9ag, and9bq leads to the rupture of the-EX bond. As a
result, f-hydride-transfer products could not be observed
for these substrates. On the other hand, in the boron
metathesis reaction, the metal d electrons (HOMO) are
donated to the* MO of the E—X bond, resulting in four-
membered cyclic transition stateklj. This transition state
then undergoes FeB and E-X bond breaking and leads to
the metathesis product8 and14 (Scheme 2). Thg-hydride
transfer is the competitive reaction to boron metathesis

rylene ligand to the coordinated ketone, takes place instead(Scheme 2) for the substrates with a low-lyimtyMO (9dr,
(Scheme 1b). In order to understand the energetics involved9ep, and9dp) (Figure 3). The substrates that have a low-

for this g-hydride transfer in comparison to the boron
metathesis reaction, we have calculated the posgithig-

lying o* MO (9ap, 9bp, 9aqg, and 9bq) prefer boron
metathesis t@-hydride transfer. Hence, substrates with a

dride-transfer products for all the substrates. The intermediatepolar bond and a weak bond would be ideal for boron

10 can give either metathesis productk3(and 14) or
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nature of the3-hydride-transfer products is almost similar
to the corresponding intermediate)). Thus, the relative
stabilities between the metathesis products ang-tdride-
transfer product in comparison to the intermediE@elepend
on the stability of the FeE bond formed in the metathesis
product13. Since the FeC bond in Fe-C(NH,), is more
stable

than the Fe-C bond in Fe-CH,, the metathesis product
formation of the substrate3dp and 9dr is more favorable
than that of the correspondifizhydride-transfer products.
Since the Fe CH, bond in13eis less stable, the metathesis
product formation fol9epis less favorable compared with
the formation of g-hydride-transfer productléep This
supports the experimental observation for the formation
of the 5-hydride-transfer product for the reaction of,Bi©

with 1.
Figure 4. Relative energies of the metathesis produt®gnd 14), the . .
transition statesl), and hydride-transfer product$6) for the substrates The SUbSt!tuentS Wlthou_t@rhydrogen atom on boron can
9dr, 9ep, and9dp with respect to intermediat0. be used to direct the reactivity of borylene complexes toward

metathesis. In summarg;:hydride transfer from the ligand

On the other hand, the hydride donates its electrons toon boron may be a competitive reaction to boron metathesis.
the low-lyingz* MO of 9dr, 9ep, and9dp and leads to the  The substrates having a low-energy MO prefer boron
fB-hydride-transfer products6dr, 16dp, and 16epthrough metathesis to hydride transfer.
a six-membered cyclic transition statis) (Scheme 2). The
donation of metal d electrons to th& MO can form a four- Conclusions
membered cyclic intermediate as the ¥ ¢ bond remains
unbroken. However, the formation of the cyclic intermediate
1lepis only observed for the small substréep (H,CO).
The larger size of (NB.C in 9dr and 9dp prevents their

The metathesis reaction of the-Heorylene complex takes
place with the initial attack of the electronegative end (X)
of the substrate EX on the B atom, leading to an acyclic

ht d1th al i dh int diat intermediatel0. The positively charged E of this acyclic
approach toward the metal center, and nence, Intermediates, o e giate accepts electrons from the metal d orbital and

L1dr andl;dpcquld not be located on the pqtentlal ENCTYY forms a four-membered intermediate or transition state, which
surface. This indicates that the substrates having a Iow—energydepends on the* and * levels of the substrate EX. The

;7* MfO prBef?rr] thhe c;nlztatthessf reactéon 0;/6,"[;] t,ljehydndt; boron metathesis is more favorable for those substrates that
ransfer. BothS-hydride transfer and metathesis reactions have a low-lyingo* MO (weak o bond). Theg-hydride

may take place when the substrates have a low-tzigO. transfer is a competitive reaction to boron metathesis for the

These reactions are also influenced by the steric nature of : : "
. substrates having a low-energy MO. The relative stabilit
the substrates as well as the ligands on the métatylene g 9y y

complexes of the products is controlled by the strength of both-Ee
" . . . and B—X bonds. The energetics of the boron metathesis
The relative energetics for thg-hydride transfer in  roction is comparable to that of the olefin metathesis. The
comparison to the metathesis reaction, acquired by taking meathesis reactions of theFborylene comples with all

the intermediatel0 as the reference, is shown in Figure 4. o g bstrates (Scheme 2) indicate the role of polarity in
The energy barriers for the formation of the transition tuning the reaction in a preferred direction.

stateslsdr, 15ep and15dp are 52.6, 15.6, and 51.1 keall  ginijar transition-metatborylene complexes with other
mol, res_pectwely (Figure 4). The order of stability of metals are good candidates for boron metathesis reactions
the hydnde—trqnsfer products i6ep> 16dp > 16dr. The using polar substrates. Experimentally arpbrylene and
16epstructure is more stable than thatldfep whereas bOth, boryl complexes are also known to undergo different types
_16dp anq 16dr are less stable than the correspondmg of reactions with substrates containing double bonds,
intermediatedl 0. It is also more stable than the metathesis e.g., C=C and G=0. These complexes are not yet ex-

ErOd.UCtSBe ?nd 14p (Figure 4). On the Iother hard,hthe plored for the metathesis, but the present study points
ydride-transfer product®dpand16dr are less stable than to a rich chemistry awaiting for the reactions of aryl

the corresponding metathesis products. The; §rbup in borylene and boryl complexes toward metathesis. The

10dp and 109” is plana_r_and stabilized by conjugation results on metathesis involving other metals will be published
whereas that in the transition statésqr and15dp) as well later

as in the hydride-transfer productd6@dp and 16dr) is
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